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ABSTRACT

Carbon dots, generally defined as carbon nanoparticles functionalized with
organic molecules or polymeric species, have been the subject of much research since
their initial report in 2006. The intrinsic properties of carbon dots, include bright
fluorescence, low cytotoxicity, chemical inertness, photostability have led to various
resulting applications leveraging them. The early research focused on synthetic
approaches to produce carbon dots and their optical properties, followed by efforts
exploring the mechanisms explaining the fluorescent emission, further enhancing the
optical properties and finally their applications in bio-imaging, photocatlysis sensing and
so on.
In this dissertation, carbon dots of small carbon nanoparticles surfacefunctionalized with 2,2'-(ethylenedioxy)bis(ethylamine) (EDA) were synthesized, and the
as-synthesized sample was separated on an aqueous gel column to obtain fractions of the
EDA-carbon dots with different fluorescence quantum yields. The fractions, as well as
carbon nanoparticles without any deliberate surface functionalization, were dispersed into
poly(vinyl alcohol) (PVA) for composite films. In the PVA film matrix, the carbon dots
and nanoparticles exhibited much enhanced fluorescence emissions in comparison with
their corresponding aqueous solutions. Mechanistic implications of the results, and
potential technological applications of the brightly fluorescent composite films are
highlighted and discussed.
Beyond the currently widely pursued carbon dots and their various applications,
the coupling of nanoscale carbon with other functional materials for composite dots can
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provide opportunities for enhanced and/or unique applications that take advantage of the
combined merits of multiple materials. Here, a facile route to prepare the carbon dots
modified P25 TiO2 composites (P25/C-Dot) via thermal carbonization synthesis with
microwave irradiation method was developed. The morphologies, microstructures and
optical properties of the composites were investigated in detail. Also, carbon-TiO2 hybrid
dots in two different structural configurations were prepared and investigated
comparatively for their optical properties and photoinduced redox characteristics.
Significant implications of the results to an understanding of mechanistic relationships
between the hybrid nano-structures/configurations and optical/redox properties are
highlighted, and opportunities in the further exploration of carbon-metal oxide hybrid
dots and their applications are discussed.
.
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CHAPTER ONE
CARBON DOTS: FROM PHOTOPHYSICAL PROPERTIES TO SENSING
APPLICATIONS
1.1 Introduction
As seen by the number of papers published since their initial report in 2006 in
Figure 1, carbon dots, carbon nanoparticles functionalized with organic molecules or
polymeric species, have been the subject of much research, especially that focused on
their application in bioimaging, photocatalysis and sensing.1-3 Carbon dots are so
frequently studied because of such intrinsic properties as bright fluorescence, low
cytotoxicity, chemical inertness, photostability, and various resulting applications
leveraging them.4-7 The early research focused on how they, as well as carbon
nanoparticles without surface functionalization8-9, are synthesized and on their optical
properties,10-15 followed by efforts exploring the mechanisms explaining the fluorescent
emission and finally their applications.1, 16-17
In general, carbon dots can be synthesized from any starting material containing
carbon using various methods that result in different yields as well as different associated
properties, while carbon dots share the characteristic of absorption in the UV-visible
range to the near IR, including being highly fluorescent in the visible range, especially
the blue-green spectral range. Their emissions are usually excitation wavelength
dependent, with emission peak shifting and quantum yields decreasing as longer
excitation wavelengths are applied.

1
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Figure 1.1 Evolution of published papers for carbon dots since 2006 and pie chart of
carbon dots involved research areas as a result of web of science database search.
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Carbon dots with effective surface passivation are brightly fluorescent, with
quantum yields reported between 15-75% (with post-separation applied in some cases),
while naked carbon nanoparticles without functionalization are fluorescent, but only
weakly so with fluorescent quantum yields of less than 1%.7, 18-20 Among the best
performing carbon dots are those synthesized from the functionalization of small carbon
nanoparticles with diamine-terminated compounds such as oligomeric poly(ethylene
glycol) (average molecular weight 1500, denoted as PEG1500N).1, 7 For example, as
reported by Wang et al., their as-synthesized PEG1500N-carbon dots exhibited fluorescent
quantum yields of approximately 20% in the green, reaching 60% after gel separation.7
Later research has reported the use of other amine compounds as the functionalization
agents, including 2,2’-(ethylenedioxy)bis(ethylamine) (EDA), polyethyleneimine(PEI)
and 3-ethoxypropylamine (EPA), the results suggesting their potential.21-23
The current mechanistic framework explaining the reason for the fluorescence of
carbon dots posits that the photoexcitation of the core carbon nanoparticles in the carbon
dots results in efficient charge separation, with the electrons and holes (also referred to as
radical anions and cations in some reports) trapped at various surface sites of the
nanoparticles, with their following radiative recombinations causing the fluorescent
emissions observed.1, 3, 16 This mechanism is supported by experimental evidence, for
example the study involving the photoirradiation of a carbon dot solution with a noble
metal ion (silver, gold, or platinum) salt that resulted in the formation and deposition of
the reduced metal on the surface.24 More compelling are the results suggesting that
photoexcited carbon dots can serve as both excellent electron donors and acceptors, with
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fluorescent emissions quenched efficiently by electron acceptors (such as 2,4dinitrotoluene) and donor molecules (such as N,N-diethylaniline).25
Because of their optical and photoinduced electron transfer properties, carbon
dots have been explored as effective photocatalysts for CO2 reduction,26-27 and based on
the quenching results of carbon dots, using them as sensors for ions and molecules has
been extensively reported.28-30 Even though a number of reviews on the syntheses,
properties, and applications of carbon dots have been published, a more focused overview
of their photophysical properties and the resulting sensing applications is needed. To
address this need, this paper begins by summarizing the methods for carbon dots
synthesis, then highlighting their photophysical properties and providing a representative
account of their sensing applications. It concludes by offering perspectives on the future
developments of carbon dots.
1.2 Synthesis and characterization of carbon dots
1.2.1 Synthesis
The methods for producing carbon dots have been widely explored since
synthesis is the first step for their further study, the various approaches explored being
divided into two categories, the deliberate chemical functionalization of small carbon
nanoparticles and the "one-pot" carbonization of carbon-containing precursors2, 22(Figure
2), each with advantages and limitations. For example, the deliberate functionalization
method is believed to be successful in producing structurally well-defined dots exhibiting
high fluorescent quantum yields even though the synthesis is time-consuming and subject
to the limitations of the preparation and selection of the carbon nanoparticles. The carbon
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Figure 1.2 Cartoon illustration of two approaches to prepare carbon dots.
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nanoparticles can be prepared using several approaches, including the arc-discharge
method,19 laser ablation techniques31 or the combustion of carbon-containing precursors.8
The one-pot category, on the other hand, involves simultaneous carbonization and
passivation, making it efficient, versatile, and amenable to the selection of various
precursors and functionalization agents; however, its disadvantages include being less
controlled and resulting in carbon dots exhibiting more complicated structures as well as
more diversity in their performance. As a result, more work is required to optimize the
methods for synthesizing these dots as well as for maximizing their resulting
performance. This paper analyzes representative examples using these two different
approaches to review the current state of the synthesis of carbon dots.
The initial report of the deliberate chemical functionalization of carbon
nanoparticles for producing carbon dots came from Sun group in 2006 when they
reported carbon dots with bright and colorful photoluminescence, resulting from carbon
nanoparticles first prepared by laser pyrolysis (Nd: YAG laser, 1064 nm, 10 Hz) of a
graphitic target, followed by acid treatment and surface functionalization with diamineterminated oligomeric polyethylene glycol (PEG1500N) and
poly(propionylethyleneimine-co-ethyleneimine) (PPEI-EI).31 Similarly, Qiao et al.
employed commercially activated carbon as the carbon source, followed by nitric acid
oxidation and then passivation with 4,7,10-trioxa-1,13-tridecanediamine (TTDDA) and
PEG1500N to generate two types of carbon dots.32 In addition to using a high moleculeweight polymer, later studies exploited other surface functionalization agents with
smaller molecular weight to produce high-performance carbon dots, examples including
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LeCroy et al., who demonstrated the use of 2,2’-(ethylenedioxy)bis(ethylamine) (EDA)
molecules for the carbon particle surface passivation.23 The resulting EDA-carbon dots
were found to be brightly fluorescent and possessed relatively simple and well-defined
structures. More recently, Yang et al. prepared carbon dots with carbon nanoparticles
functionalized by small molecules, specifically an amino compound 3ethoxypropylamine (EPA), resulting in ultracompact carbon dots with bright fluorescent
properties.21 Solution-phase NMR characterization confirmed a dot structure comprised
of carbon nanoparticles with surface-attached EPA species.
The use of the one-pot approach has been reported more often for the preparation
of carbon dots probably because of its simplicity, convenience, and the variety of
appropriate starting materials--polymer, carbon hydrates, and biomass among others--and
processing methods--hydrothermal/solvothermal methods, microwave irradiation,
pyrolysis, and the electrochemical approach. Some studies report using a single
compound/material for the preparation of carbon dots, with the carbonization process
generating the core and the remaining part of the molecule serving as the
passivation/functionalization groups on the surface, while others report using two or three
reagents, with one serving as the carbon core and the other(s) as the passivation agents.
Representative examples involving this one pot synthesis are highlighted below.
Early in 2008, Bourlinos et al. reported the one-step thermal decomposition of
various ammonium citrate salts including octadecyl ammonium citrate salt and 2-(2aminoethoxy)-ethanol salt to generate surface functionalized carbon dots.10 In further
research, Jiang et al. used amino acids (histidine) as the source for producing carbon dots
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via microwave irradiation with a reported quantum yield of 44.9% at 360nm excitation.33
Other examples involving one compound include using amino compounds and polymers
such as PEG, PEI, carbohydrates-glucose, and chitosan.34-37
In addition to using one compound, classic examples applying two components
to prepare carbon dots involve combining citric acid (CA) and an amine compound. For
example, in early research Krysmann et al. prepared carbon dots using the pyrolysis of
citric acid (CA)-ethanolamine (EA) at different temperatures (180, 230, 300 and
400°C).15 Similar studies followed including those using CA and PEI,38 CA with
ethylenediamine,39 CA combined with urea40 or Poly (amino amine)41 to prepare carbon
dots. In addition to using the molecules or polymers with known compositions and
structures to prepare carbon dots, there is a long list involving natural products or wastes
as the precursors in the carbonization synthesis, such as hair,42 goose feathers,43 shrimp
egg,44 kitchen waste,45 cow manure,46 coffee grounds,47 soy milk48 and even human
urine.49 While there appears to be nothing unique about the carbon dots prepared using
these diverse precursors, the concern is the lack of control over the possible elements
involved and the limited information on the resulting structure of the carbon dots.
1.2.2 Characterization of carbon dots
Once the carbon dots have been prepared, the characterization of their structure
and/or composition is needed, both important for investigating and understanding their
relationship in terms of performance as well as for the use as applications. Various
characterization techniques, including TEM, AFM, XRD, NMR (1H and 13C), FT-IR,
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Raman, and XPS among others, have been extensively used to explore the structural and
compositional features.
TEM has been one of the most frequently used characterization techniques for
obtaining the morphology and size as well as other structural details of the synthesized
products. TEM images of carbon dots are usually presented in papers to provide an
overview or detailed examination. For example, Qiao et al. provided TEM images
(shown in Figure 3) of carbon dots derived from three activated carbon sources
functionalized with 4,7,10-trioxa-1,13-tridecanediamine (TTDDA), showing these three
types have similar sizes within a narrow size distribution in the range of 2-6 nm as
estimated.32
In some cases, doping the carbon dots with materials of high electron density to
achieve better imaging results has been successful. For example, LeCroy et al.23 doped
EDA-carbon dots with gold metal through a simple photolysis procedure using visiblelight photoirradiation of the dots in an aqueous solution of HAuCl4. These gold-doped
dots were readily detected during TEM imaging due to the increased electron densities.
Using HR-TEM further illuminates the lattice fringes of the graphitic carbon involved in
carbon dots as Li et al. showed in their HRTEM images of the carbon dots prepared from
an alkali metal-assisted electrochemical method, with lattice spacing of approximately
0.32 nm, which is ascribed to the <002> spacing of graphitic carbon.50 Veca et al. also
provided representative HR-TEM images with the lattice fringes of 0.215 nm and 0.19
nm observed, corresponding to the (1 0 0) and (1 0 1) diffraction planes of graphitic
carbons.51
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Atomic force microscopy (AFM) has also been widely applied to probe the
physical images of carbon dots, a technique that provides images representing the
surface. The diameter is often estimated using the height measurement generated from
the surface over a planar cross-section. Frequently, researchers have correlated AFM with
TEM images to provide more detailed pictures of the carbon dots.
XRD, a complementary spectroscopic method, has also been applied by
researchers to explore the structural arrangement of carbon dots, even though it is not
used as frequently as other techniques. Often, the XRD patterns of carbon dots indicate
they are amorphous in nature. For example, the pyrolysis of CA in the presence of PEI at
200 °C reported by Dong et al. resulted in as-prepared carbon dots, which showed a
broad peak centered at 0.41 nm, consistent with the (002) lattice spacing of carbon-based
materials with a turbostratic disorder.14 Similarly, Yang et al. shows carbon dots
synthesized through a hydrothermal treatment using citric acid, PEG and
ethylenediamine, the resulting XRD pattern again showing a broad diffraction peak at 2θ
= 21.5° attributed to the amorphous carbon phase.52
NMR is a powerful technique for obtaining structural information of carbon dots,
one which enables increased quantitative characterizations. A representative example
using this technique to elucidate the structure of carbon dots is found in the research
conducted by LeCroy et al. The 1H NMR spectrum of their EDA-carbon dots shows
broader signals than those in the spectrum of free EDA due to the EDA molecules
attached on the surface of the carbon nanoparticles, which reduced the mobility of the
EDA molecules.23 Another example using NMR to characterize carbon dots found in

10

Yang et al. supports the expected structure of EPA-functionalized carbon dots, which is a
carbon nanoparticle with an EPA species attached to the surface.21 Figure 3 shows the
proton NMR results of EPA-carbon dots in deuterated water, indicating that the signals of
all protons of the attached EPA molecules are broader in comparison with those in free
EPA. Again, this broadening effect stems from the fact that the attachment of EPA to the
carbon nanoparticles resulted in fewer and an inhomogeneous distribution of sites caused
by the functionalization of the carbon nanoparticles.
FT-IR is appropriate for detecting the functional groups of the molecules, a
technique used frequently to probe the structure of carbon dots. Often the functional
groups detected by FT-IR in carbons dots include the hydroxyl groups, carbonyl, amide
and others. In the work reported by Qu et al., the surface functional groups of the carbon
dots prepared through microwave synthesis using citric acid and urea as the carbon
source and the functionalization agent were detected by FTIR (Figure 3).53 Broad
absorption bands at 3100-3500 cm-1 are assigned to (O-H) and  (N-H), and absorption
bands at 1600-1770 cm-1 are assigned to  (C=O), while absorption bands from 13501460 cm-1 are assigned to  (CH2).
Raman spectra have been frequently used to explore the structural characteristics
of carbon dots. For example, Qu et al. show the Raman spectra of the carbon dots, which
displays two broad peaks at approximately 1365 cm−1 and 1575 cm−1, attributed to the D
band (sp3-hybridized) and G band (sp2-hybridized), respectively.53 The D band is
associated with vibrations of carbon atoms with dangling bonds in the termination plane
of disordered graphite or glassy carbon. The G band, which corresponds to the E2g mode
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of graphite, is related to the vibration of sp2-hybridized carbon atoms in a twodimensional hexagonal lattice. And one final technique, XPS, has been used in analyzing
the surface structure of carbon dots, one example found in Pang et al., who used the
technique on carbon dots synthesized electronically.54 Typically, the 284.5 eV centered
peak is assigned to graphitic sp2 carbons, and the 286.0 and 287.6 eV centered peaks
represent alcoholic (C–OH) and carbonyl (C = O) carbons, respectively (Figure 3).
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Figure 1.3 Representative characterization techniques adopted for carbon dots (from Ref.
21, 32, 53, 54).
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1.3 Photophysical properties of carbon dots
1.3.1 Absorption and fluorescence properties
Absorption
The absorption of carbon dots typically spans the entire UV-visible spectra range,
with some reports focused more on the UV range and others on the absorption in the
visible and near IR range. Carbon dots prepared through one pot synthesis usually show
absorption primarily in the UV range, with little or low absorption in the visible range. A
classic example is carbon dots prepared using citric acid, with the PEI showing
absorption at a broad peak centered around 360nm, with little in the visible spectral
region.14, 38, 55 Much research using a variety of precursors and the one pot approach has
yielded carbon dots primarily showing absorption in the UV range. In most cases, this
absorption is explained by the π-π* and n-π* transitions in the carbon dots.35 Since it has
been established that both carbon dots and small carbon nanoparticles without deliberate
surface functionalization are broadly absorptive in the visible range, carbon dots
exhibiting negligible absorbance above 400nm are probably a result of the synthesis
protocols reported in the literature under-carbonizing the precursors.22, 56-57
On the other hand, carbon dots prepared with deliberate functionalization often
show much more absorption in the visible range (Figure 4), 7, 21-23 a result explained by
the core carbon nanoparticles in the carbon dots sample, with the broad optical absorption
spectrum observed due to the π-plasmon transitions in the nanoscale carbon particles. In
some cases, for example, EDA functionalized carbon dots, the absorption spectra show a
broad featherless curve, exhibiting absorption covering above 500nm.23 In other cases,
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the absorption shows a clear shoulder in the visible range, with examples being the
absorption spectra of PEG1500N carbon dots,7 TiO2 doped carbon dots20 and EPA
functionalized carbon dots.21 This special shoulder in the blue region could be due to an
effect associated with the functionalization to alter the electronic transitions of the core
carbon nanoparticles in the resulting carbon dots. The carbon dots mentioned above
involve amino group functionalization, which could have some correlation in terms of the
structure and the performance of carbon dots, though a clear mechanistic explanation
remains to be found.
Fluorescent properties
The fluorescent properties of carbon dots are some of their most important
characteristics. Their excitation dependent behavior, has been well-supported in the
literature58-59 since their discovery (Figure 5).31 The following research further
demonstrated that when the excitation wavelength increases, the emission peaks shift
accordingly, a response different from organic dyes, which often exhibit excitation
independent fluorescent emissions. In addition, organic dyes are molecules with an
explicit structure, while carbon dots are carbon nanoparticles with surface passivation,
meaning their structure is more diverse than that of the molecules.
The excitation wavelength dependent emission could be caused by the effects
from particles of different sizes in the sample as well as the distribution of the emissive
sites on each passivated carbon dots. In other words, the diverse structures and the
energetics of defect-derived surface sites are probably responsible for a large number of
emissive-excited states, making the selection of different excitation wavelengths/energies
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Figure 1.5 An example showing the excitation wavelength dependent fluorescence
spectra. The absorption (ABS) and fluorescence spectra (with progressively longer
excitation wavelengths from 400 nm on the left in 20 nm increment) of PPEI-EI carbon
dots in an aqueous solution. The emission spectral intensities are normalized to spectral
peaks in the inset (from Ref. 31).
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possible.1, 3, 21 The inhomogeneity in the emissive excited states of carbon dots is also
exhibited in the results of the fluorescence decay, which usually cannot be deconvoluted
by applying a monoexponential function as the fits are more acceptable using a
multiexponential one.7, 22 However, for some cases reported in the literature, the emission
peaks of carbon dots remained when the excitation wavelengths in the UV range were
changed,60 perhaps indicating some kind of fluorophores entangled with the carbon
dots.61
In addition, the fluorescent properties of carbon dots are often affected by the
surrounding media, such as the solvent used to disperse the dots, with research
demonstrating that the fluorescent behavior of carbon dots differs depending on the
solvent. Most prepared carbon dots are readily dissolved in water due to their surface
hydrophilic groups such as the carboxyl, hydroxy and carboxylic groups. Occasionally,
some carbon dots dissolve more readily in such organic solvents as etrahydrofuran,
acetone, dimethylformamide, dimethylsulfoxide and ethanol. It has been observed that
the fluorescence emission peak and/or intensity of the carbon dots may change when they
are dispersed in different solvents. In addition, carbon dots exhibit different fluorescence
properties when the surrounding media are not liquid solvents but a solid matrix. The pH
of the solution also can affect the fluorescent emission of carbon dots, with the influence
varying from being negligible or slight to being extensive.35, 62-63
The fluorescence quantum yields of carbon dots reported thus far have begun to
resemble those of semiconductor quantum dots. Carbon dots prepared using the
deliberated functionalization method are reported as exhibiting the high quantum yield of
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reaching 60% at 440nm excitation wavelength.7 Further, fluorescence quantum yield
enhancement was achieved by Anilkumar et al. via a doping strategy.20 In their work,
they first doped the core carbon nanoparticle surface with TiO2 or ZnS, followed by
chemical functionalization with PEG1500N. The doped carbon dots (denoted as CZnS-Dots,
or CTiO2-Dots) exhibited much brighter fluorescence emissions than those with no doping.
Using gel column fractionation to harvest the fluorescent fractions, doped carbon dots
exhibited fluorescence emission quantum yields of up to 78% at 440nm excitation. Many
studies have demonstrated the more effective the surface passivation results the better the
fluorescent properties. Carbon nanoparticles without surface passivation are only weakly
fluorescent, while functionalized particles are much more fluorescent.
Though carbon dots developed from different syntheses are highly fluorescent,
with their practical applications being demonstrated widely in different areas, it has been
observed that emissions are generally much stronger in the blue/green region than in the
red/near-IR.3, 64 As discussed previously, it is well documented that the emission from
carbon dots is excitation dependent, and fluorescence quantum yield often decreases with
longer excitation wavelengths (500 nm and longer, for example). This may be associated
with the fact that the absorption spectra of carbon dots developed from different synthetic
schemes consistently show weaker absorptivities at longer wavelengths (above 500nm).
Much research effort has focused on enhancing the red/near-IR performance of carbon
dots including structural and/or compositional manipulation by varying the surface
passivation schemes; however, the results thus far have demonstrated no or limited
improvement. Research focused on the potential use of host-guest carbon dots as bright
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red/near-IR emissive fluorescent probes shows much promise in this regard. For example,
research using organic dye nile blue (NB) as the guest, and oligomeric polyethylene
glycols (PEGs) as the surface passivation species found that the resulting host-guest
carbon dots exhibited several desirable characteristics, including significantly enhanced
red/near-IR fluorescence emission.64 This work is ongoing, with the aim to achieve even
better red/near -IR performance.
2.3.2 Fluorescence quenching
Theoretically, any process that reduces the fluorescent intensity of a sample is
referred to as fluorescence quenching, which can be either static quenching or dynamic
quenching. In static quenching, the fluorophore and quencher form a nonfluorescent
complex that results in the reduction of the fluorescence, while in dynamic quenching,
the fluorophore and the quencher are unbound, with the collision of quencher with the
excited fluorophores leading to the quenching. In both cases, the fluorescent sample and
the quencher must be in contact with each other for quenching to occur.65
The Stern-Volmer relationship, named after Otto Stern and Max Volmer, allows
us to explore the relationship between the change in fluorescence intensity and the
quencher concentration. In the simplest case of pure dynamic or static quenching, the
following relationship determined using the Stern-Volmer Equation holds:
F0/F = 1 + KSV [Q]
where F0 and F are the fluorescent intensities observed in the absence and presence of the
quencher, respectively, [Q] is the quencher concentration and KSV is the Stern-Volmer
quenching constant. A plot of F0/F versus [Q] should yield a straight line with a slope
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equal to KSV. However, the linear dependence of F0/F on [Q] does not indicate if the
quenching process is dynamic or static in nature because both cases result in a linear
relationship. In a dynamic process, the Stern-Volmer quenching constant KSV is
represented by KD, given by kq × τ, while for static quenching, KSV is represented by Ks,
the association constant of the complex formed.
The preferred method for distinguishing between the two types is the lifetime
measurement and their quenching dependence on temperature and viscosity. For dynamic
quenching, an important characteristic is that the decrease in fluorescence intensity is
equivalent to a decrease in the lifetime, while static quenching does not decrease the
lifetime because the only fluorescence observed results from the uncomplexed fraction.
In addition, since dynamic quenching depends on diffusion, a higher temperature results
with larger diffusion coefficients, and the bimolecular quenching constants are expected
to increase as well. In contrast, for static quenching, higher temperatures may result in
less quenching because of the reduced stability of the complex formed. When the
fluorophore is quenched through both the dynamic and static processes, the characteristic
feature in the Stern-Volmer plot deviates from a linear relationship, often resulting in a
concave forming toward the y-axis. In this situation, the Stern-Volmer equation is
modified to the second-order in [Q] shown below:
F0/F = (1 + KD [Q])( 1 + KS [Q])
The fluorescence quenching process of carbon dots has been widely reported, with
the results often being explained as the electron acceptor or donor quenchers scavenge
the electrons and holes in the carbon dots, respectively, thus prohibiting the radiative
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recombinations. Initial research conducted by Wang et al. demonstrated that carbon dots
showing bright luminescence emission intensities (425 nm excitation) were quenched
effectively by the known electron acceptors 4-nitrotoluene (1.19 V vs. NHE) and 2,4dinitrotoluene (0.9 V vs. NHE) in a toluene solution, with the observed Stern-Volmer
quenching constants of 38 M-1 and 83 M-1, respectively (Figure 6).25 Similar results were
found by Kang et al. who confirmed carbon dots were also quenched by the same
electron acceptor and donor quenchers, 2,4-dinitrotoluene and N,N-diethylaniline,
respectively.66 In addition, the quenching phenomenon has also been demonstrated in the
reduction of metal ions in an aqueous solution, leading to a complete quenching of
carbon dots. Xu et al. initiated the research on the photoirradiation of carbon dots
solution with a noble metal salt, their results demonstrating the formation and deposition
of the noble metal on the dot surface.24 These researchers explained that the electron
affinitive noble metal takes electrons from the attached carbon dots, thus disrupting the
radiative recombinations and causing the efficient static quenching of fluorescence
emissions observed. A similar photoreductive deposition of metals on carbon dots was
explored by Choi et al., who decorated the surface of carbon dots with plasmonic silver
nanoparticles creating hybrid nanodots.67 As a result, the original fluorescent emission
was quenched. The fluorescent properties of carbon dots combined with fact that they can
be quenched by electron acceptors (or donors) highlight their potential for use in sensing
applications.
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Figure 1.6 Carbon dots quenched by both electron donor and acceptor: Left: SternVolmer plots for the quenching of luminescence quantum yields (400 nm excitation) of
the carbon dots by DEA in methanol (○) and chloroform (□, the line from fitting the
data points up to 0.08M), and for the quenching of luminescence lifetimes (407 nm
excitation) in methanol (●). Right: Stern-Volmer plots for the quenching of
luminescence quantum yields (425 nm excitation) of the carbon dots by 4-nitrotoluene
(▲) in toluene and plots for the quenching of luminescence lifetimes (407 nm excitation)
by 4-nitrotoluene (△) (from Ref. 25).
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1.4 Sensing applications
Fluorescent signals are often applied in chemical sensing probes and optical
bioassays because of their ease of operation, their easy setup and the high sensitivity of
fluorescent spectroscopy. Typically, a sensor requires sensing probes/receptors
interacting with an analyte, subsequently causing a signal change for analysis that
correlates to the identity and/or quantity of the analyte of interest (Figure 7). Carbon dots,
because of their fluorescent properties, have been pursued as nanosensors in recent
research as any change in fluorescent intensity (or the emission peak) as a result of the
interaction of carbon dots and the analytes directly or indirectly will provide such useful
information concerning the analytes as, for example their quantity.
There have been various kinds of analytes detected, or sensed, using the
fluorescent emissions from carbon dots, including drugs, metal ions, anions, organic and
biomolecules and others.5, 29-30, 68 Being able to sense these molecules is vitally important
to such areas of life as our health, environment, and safety.69-70 The methods used in the
sensing process need to be inexpensive, easy to implement, and provide a fast response,
all features of carbon dots, thus making them good candidates for sensing applications.
Here we summarize the progress on the sensing application of carbon dots, specifically
those focusing on ions and molecules, and consider future improvements.

24

Figure 1.7 Working principle of sensing application of carbon dots (from Ref. 90).
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1.3.1 Sensing of metal ions
Some metal ions are important to human life for energy metabolism and storage,
while the heavy metal ions, especially Hg2+, Pb2+, Cd2+ and As3+, are highly toxic to
humans as well as other species even at low concentrations. Some other essential metal
ions, such as Fe2+, Cu2+, Mn2+ and Co2+, are needed at specific concentrations, with a
level too high or too low being harmful. Therefore, the detection and quantification of
these metal ions in different systems are of considerable importance. Carbon dots have
been widely reported in the literature for sensing different metal ions, with Hg2+, Fe3+ and
Cu2+ at the top of the list. Though different synthetic methods have been used to prepare
carbon dots to sense these metal ions, one thing they have in common is that in most
cases, the fluorescence is quenched by the metal ions. However, this quenching efficacy
varies, thus the sensitivity of the sensing process differs. Here we focus on summarizing
the research progress on carbon dots used for detecting Hg2+, Fe3+, Cu2+ as representative
examples.
Sensing of Hg2+
Initial research on sensing Hg2+ was conducted by Goncalves et al., who prepared
carbon nanoparticles through direct laser ablation (UV pulsed laser irradiation (248 nm,
KrF)) of carbon targets immersed in water.28 After functionalization with NH2polyethylene-glycol (PEG200N) and N-acetyl-l-cysteine (NAC), the carbon nanoparticles
become fluorescent with excitation and emission wavelengths at 340 and 450 nm. The
fluorescent emission of the carbon dots was quenched by the presence of Hg(II) ions with
a Stern-Volmer constant of 1.3 × 105 M-1.
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Additional research followed, for example a study conducted by Zhang et al., who
reported N-doped carbon dots (N-CDs) obtained using a hydrothermal method with folic
acid and ethylene glycol as the reagents for selectively and sensitively sensing Hg2+ in the
aqueous phase with a limit of detection (LOD) of 0.23 μM and a linear range from 0 to 25
μM.71 They also reported that after the introduction of Hg2+ ions, not only was the
fluorescence quenched (no KSV value was reported though) but the UV-vis absorption of
the N-CDiss also changed, a result they ascribed to a change in the surface states of NCDs. More recently, Wang et al. reported N-doped carbon dots derived from
hydrosoluble chitosan via hydrothermal carbonization with a synthetic yield of 38.4%.72
They further demonstrated N-doped carbon dots for Hg2+ detection could reach a
detection limit of 80 nM. The unique result from this work is the development of a
smartphone application (APP) based on N-doped carbon dots, providing a platform for
the detection of Hg2+ alerting users to heavy metal ion contamination (Figure 8).
Dong et al. investigated the application of carbon dots for sensing Hg2+, preparing
the carbon dots using a one-step microwave route in the presence of citric acid and
ethylenediamine.73 When utilized as a nanoprobe for Hg2+ detection, the fluorescence of
the carbon dots quenches gradually with increased Hg2+ concentration, with a detection
limit reported to be 20 nmol L-1. They then investigated the interference of representative
metal ions (Cd2+, Fe2+, Ag+, Pb2+, Fe3+, Cr2+, Mg2+, Ca2+, Na+, K+, Co2+, Zn2+, Mn2+,
Cu2+) on carbon dot fluorescent quenching under the same conditions. Their results found
that most of those metal ions at concentrations of 0.2 mmol L-1 did not induce an obvious
reduction of the fluorescence of the carbon dots, the one exception being the Fe3+ ions.
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Figure 1.8 Portable mercury ion sensing based on MATLAB code and smartphone APP.
Top: Fluorescent images of water drops containing N-doped CDs with different
Hg2+ concentration; Bottom: Hg2+concentration in river water measured by MATLAB
code (red), smartphone APP (blue) and ICP-AES (black) (from Ref. 72).
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They further pointed out that within the valid range for Hg2+ detection from 0 to 3 mM,
there is no obvious fluorescence quenching in the presence of Fe3+ ions, validating the
high efficiency of the nanoprobe for detecting Hg2+ in water. Similar reports continued,
offering different synthetic strategies and different starting material and passivation agent
combinations exhibiting different performance levels in terms of sensing sensitivity.
Cu2+ sensing
Initial research in Cu2+ detection was conducted by Dong et al., who prepared
carbon dots by pyrolyzing a mixture of citric acid and PEI (M.W. 1800) based on the
quenched fluorescent signal.38 They explained that Cu2+ ions can be captured by the
amino groups of the carbon dots, forming an absorbent complex (cupric amine) at the
surface of carbon dots, thus resulting in an effective quenching of the fluorescence. Their
selective detection of Cu2+ exhibited a detection limit as low as 6 nM and a dynamic
range from 10 to 1100 nM. Similarly, Alinas-Castillo et al. reported carbon dots for
selective and sensitive Cu2+ ion detection prepared via a one-step microwave method
using pyrolysis at low temperatures of CA in the presence of PEI.74 They reported that
the as-prepared carbon dots show both down and upconversion fluorescence with low
cytotoxicity and, therefore, could be applied for intracellular sensing and imaging of Cu2+
in biological systems.
In further research, the same group designed a portable reconfigurable platform
for copper (Cu(II)) determination based on luminescent carbon dots. The electronic setup
designed consisted of a light-emitting diode (LED) as the carbon dots optical exciter and
a photodiode as a light-to-current converter. The analytical applicability of this
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reconfigurable portable instrument has been successfully demonstrated in tap water
analysis.75 Shi et al. explored Cu2+ sensing in living cells with green and blue fluorescent
carbon dots synthesized using a hydrothermal method and the pyrolysis of leeks,
respectively,76 reporting that blue fluorescent carbon dots can be applied for Cu2+ sensing
with the linear range reported to be 0.01-10.00 μM and the detection limit approximately
0.05 μM. They further used confocal fluorescent imaging of human cervical carcinoma
cells to demonstrate that blue fluorescent carbon dots could visualize Cu2+ in living cells
with negligible autofluorescence.
Liu et al. introduced the idea of a ratiometric fluorescent nanosensor for Cu2+
detection,77 prepared by coating carbon dots on the surface of Rhodamine B-doped silica
nanoparticles, with the carbon dots synthesized using N-(β-aminoethyl)-γ-aminopropyl
methyldimethoxysilane (AEAPMS) as the precursor. The resulting sensor exhibited dual
emission, with red fluorescence emissions from Rhodamine B and blue emissions from
carbon dots under a single excitation wavelength. It was found that with the addition of
Cu2+, the fluorescence of carbon dots was quenched, while the fluorescence from
Rhodamine B remained, providing the ratiometric fluorescent response.
The study conducted by Zhang et al. found results suggesting that carbon
nanoparticles without deliberated surface passivation could also be utilized to detect
Cu2+. They prepared their carbon nanoparticles through the nitric acid oxidation of
activated carbon and the fluorescent emission from these nanoparticles, which was
effectively quenched by the copper ion (Cu2+) (turn-off), and could be further restored
with the addition of oxalate (turn-on). The quenching of the fluorescence intensity by the
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Cu2+ was described using the Stern–Volmer equation, with KSV calculated to be 7.4×104
M-1 at a Cu2+ concentration in the range of 1.0×10−5 to 9.0×10–5 mol/L. While their results
are interesting and valuable, the selectivity for the detection of Cu2+ over other metal ions
was not discussed.78
An interesting yet unusual result was found by Vedamalai et al., who
demonstrated a very sensitive and selective fluorescence turn-on assay using carbon dots
for the detection of Cu2+. The carbon dots were prepared from o-phenylenediamine
(OPD) using a hydrothermal method. In the presence of Cu2+ ions, the color of the carbon
dots changed from yellow to orange, and the fluorescent intensity observed at 567 nm
was enhanced when excited at 420 nm. This enhancement was attributed to the inhibition
of the photoinduced electron transfer as a result of the formation of Cu(OPD)2 complexes
on the surfaces of the carbon dots. The detection of Cu2+ ions showed a linearity over a
concentration range of 2-80 nM, with an LOD of 1.8 nM. They further explored carbon
dots for the localization of Cu2+ ions in cancer cells (A549 cells).79
Sensing Fe3+
It has also been widely reported that carbon dots can effectively detect iron ions.
Iron, one of the transition metals, plays an important role in oxygen transport, oxygen
metabolism, electronic transfer and many catalytic processes in the biological systems of
organisms.29, 69 Its detection is important for the environment as well. Much research
using carbon dots as a sensor to detect Fe3+ has been reported, with Zhang et al. reporting
the synthesis of graphitic carbon dots through the electrochemical ablation of graphite
electrodes in ultrapure water as a fluorescent sensing platform for the detection of Fe3+
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ions with a detection limit as low as 2 nM.80 The preparation of graphitic carbon dots
adopted graphite rods as both the anode and the cathode, and water as the electrolyte;
thus, the sample obtained resembled “naked” carbon nanoparticles without deliberate
surface functionalization. The quantum yield of the carbon dots was not mentioned
although they pointed out that the high sensitivity the carbon dots achieved could be
attributed to the formation of complexes between the Fe3+ ions and the phenolic
hydroxyls of carbon dots. The fluorescence lifetime of graphitic carbon dots in the
presence and absence of Fe3+ was tested using time-correlated single photon counting
(TCSPC), which they asserted was a dynamic fluorescence quenching mechanism.
Further research conducted by Liu et al. reported N-doped carbon dots (CDs)
obtained from a hybrid source of alginic acid and ethanediamine through a hydrothermal
process with a quantum yield up to 18.9%.81 It was unexpected that the N-doped CDs
would exhibit remarkable acid-evoked fluorescence enhancement under acidic
conditions, meaning that these as-prepared CDs can be exploited for their ability to detect
Fe3+ in acidic water and urban river water media. The fluorescence intensity gradually
decreased with increasing Fe3+ concentrations following a linear Stern-Volmer equation
correlation between the quenching signal (F0/F) and the concentration of Fe3+ in the range
of 0.01 to 0.05 mM. Phosphate ions were also applied to explore the reversibility of the
fluorescent carbon dots sensor. Since PO43- exhibits a stronger affinity to form complexes
with Fe3+ than the carbon dots, the fluorescent quenching of carbon dots can be recovered
by adding PO43- to the Fe3+/carbon dots/urban river water system. The fluorescent
quenching mechanism was explained as the formation of coordination bonds between
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Fe3+ and the amino, hydroxyl or amide groups of the carbon dots. Their lifetimes changed
slightly with the presence of Fe3+, suggesting to these researchers that the quenching
mechanism of the carbon dots in the presence of Fe3+ is a static one.
Additional research conducted by Lu et al. explored carbon dots synthesized
using DL-malic acid as the carbon source and ethanolamine and ethanesulfonic acid as N
and S dopants using a one-step microwave-assisted pyrolysis.82 The N-carbon dots were
then used as a fluorescent probe for the detection of metal ions Fe3+, the results showing a
wide detection range with a linear range of 6.0-200 μM with the KSV calculated as
2.46 × 103 L mol−1 and a limit of detection of 0.80 μM. Then the dynamic effect of Ncarbon dots fluorescence in the presence of Fe3+ ions on HeLa cells was assessed, with
the red emissions from the cells incubated with Fe3+ diminishing over time (Figure 9).
The semi-quantitative determination for Fe3+ of N-carbon dots on HeLa cells was also
explored; after gradually adding Fe3+ ions to the culture solutions, the blue emission of
the cells was gradually quenched. The results further demonstrated that N-carbon dots
could potentially serve as a fluorescent probe for monitoring the Fe3+ in live cells.
Similar studies of carbon dots prepared from potatoes 83, papaya,84 konjac flour,85
and onion waste86 for detection of Fe3+ have been reported in the literature with the
consensus being that the fluorescence of the carbon dots can be quenched by the presence
of Fe3+, with sensitivity and selectivity differing based on the synthetic approach used.
Sensing of anions
The use of carbon dots for anion detection has not been as frequently reported as
that for cation detection (metal ions). Often sensing anions is achieved through indirect
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Figure 1.9 Laser scanning confocal microscopy images of HeLa cells incubated with 0.5
mg mL-1 N-CDs and in presence Fe3+ ions with different concentration (0.05 mM, 0.1
mM, and 0.15 mM in the culture solution). (a-d) panels are cell images taken at λex/λem of
405/450 ± 25 nm. (e-h) panels are the merged images of (a-d) with the corresponding
bright field graphs, respectively. All scale bars represent 60 mm. (i) The intensities of the
cells in the red circle lines were measured at λex/λem of 405/450 ± 25 nm. Data are
expressed as mean ± standard deviation (from Ref. 82).
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methods. As discussed previously metal ions (such as Hg2+, Fe3+, Cu2+) usually quenched
the fluorescent emission of carbon dots, while the addition of certain anions can recover
it as the interaction between the anions and the cations forms a stable compound, a
phenomenon referred to as the fluorescence off-on for detections of such anions as S2-,
CN-.
Much of the research has focused on the detection of S2- with Hou et al. reporting
a carbon dots-based fluorescent sensor for S2- sensing. This sensor is based on the carbon
dots/Cu(II) system, in which the ligands on carbon dots bind with the copper ions that
efficiently quench the fluorescence of the carbon dots, providing a system with the turnoff sensor for the copper ions. Then S2− coordinates with Cu2+ to form the very stable
species CuS (Ksp = 3.63 × 10−36); therefore, the presence of the sulfide anion in the
carbon dots/Cu2+ complex results in the release of free carbon dots, offering a potential
turn-on fluorescent sensor for the sulfide anions. It was determined that the detection
limit was approximately 0.78 μM. These researchers further studied the ability of the
carbon dots/Cu2+ complex system for monitoring sulfide anions in two commonly used
cell lines, HeLa (the human cervical cancer cell) and L929 (the murine aneuploid
fibrosarcoma cell), the results indicating that the system can be utilized to track changes
in the sulfide level inside live cells.87
Similarly, Barati et al. reported that the fluorescence of carbon dots synthesized
from lime juice through a one-pot hydrothermal method was quenched in the presence of
Hg2+ ions, while the subsequent addition of sulfide ions resulted in the formation of HgS
(Ksp = 5 × 10−54), thus recovering the fluorescence. This method can detect sulfide ions
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over the linear concentration range of 2-10 μM with a detection limit of 0.32 μM,
although it experiences interference from iodide and biothiols.88
In further research, He et al. reported the synthesis of fluorescent carbon dots
using citric acid as the carbon source and diethylenetriamine (DETA) as the surface
passivation reagent, resulting in a high quantum yield of 82.40%. Again, the fluorescence
intensity of the carbon dots was found to be effectively quenched by the Hg(II) ions.
Upon addition of I− to the carbon dots/Hg(II) complex dispersion, the fluorescence
intensity of the carbon dots was subsequently recovered, leading to the development of an
off-on fluorescent assay for the detection of I- using carbon dots/Hg(II) as the fluorescent
probe. The researchers did not discuss the interference from other anions such as S2-.89
1.3.2 Sensing molecules (Glucose and explosives)
In addition to reports on applying carbon dots on sensing ions, there have also
been efforts to utilize carbon dots in the detection of various molecules, such as glucose
and explosives, among others. One of the most important of these, blood glucose sensing,
has attracted much attention because diabetes mellitus is one of the biggest public health
concerns. As a result, practical glucose sensors are needed, especially those that are
inexpensive and easy-to-use. Research has investigated using carbon dots as the sensor.
For example, Shen et al. fabricated fluorescent boronic acid modified carbon dots for
nonenzymatic blood glucose sensing applications, in which the functionalized carbon
dots were prepared through a one-step hydrothermal carbonization with phenylboronic
acid as the sole precursor. 90 The fluorescent responses were able to quantify glucose in
the range of 9-900 μM.
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In similar research, Zhou et al. explored a one-pot strategy for immobilizing the
biocompatible and fluorescent carbon dots in glucose-imprinted poly (Nisopropylacrylamide-acrylamide-vinylphenylboronic acid) (poly (NIPAM-AAm-VPBA))
copolymer microgels for continuous optical glucose detection.91 The resultant glucoseimprinted hybrid microgels reversibly swelled and shrank in response to the variation in
the surrounding glucose concentrations and correspondingly quenched and recovered the
fluorescence signals of the embedded carbon dots, converting biochemical signals to
optical signals.
Kiran et al. synthesized luminescent carbon dots from citric acid and
aminophenylboronic acid molecules for the detection of glucose, demonstrating that the
incorporation of aminophenyl boronic acted as a surface passivation agent for the carbon
dots, leading to superior photoluminescence and a selective fluorescent probe for glucose
detection with an excellent dynamic response to varying concentration of glucose of 1100 mM.92 Krishna et al. generated a sensor based on carbon dots and 4cyanophenylboronic acid (CPBA) for blood glucose detection in their study, the design
relying on the quenching of the emission of carbon dots by CPBA, followed by its
recovery by glucose. The response of the probe using carbon dots in the presence of
different concentrations of glucose was assessed, with the linear range obtained for
glucose concentrations ranging from 1 to 30 mM. Interference by other saccharides and
various biomolecules coexisting in the blood serum were found to be negligible. The
sensor was further found to be successful in the estimation of glucose in human blood
serum.93
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In addition to detecting glucose molecules, the potential of carbon dots in the
detection of explosives has attracted much research attention because of increasing issues
of terrorism, global security, and environmental concerns.94-99 Most studies exploring
carbon dots for explosive detection thus far have focused on the sensitive and selective
detection of nitroaromatics, such as picric acid. The results indicate that picric acid can
sensitively quench the fluorescent emission of carbon dots, thus providing a potential
application for explosive detection. Mechanistically, photoexcited carbon dots are known
to be strong electron donors, meaning that their charge transfer interactions with electron
deficient explosives are responsible for the efficient fluorescence quenching observed.
Cayuela et al. prepared nitrogen-doped carbon dots (N-doped CDs) soluble in
organic media, then used a one-step synthesis with an amphiphilic polymer, dodecylgrafted poly (isobutylene-altmaleic anhydride) (PMA), resulting in a quantum yield 78%.
The evaluation of these N-doped CDs as sensors for the direct determination of
nitroaromatic explosives and such byproducts as TNT (2,4,6-trinitrotoluene) and DNT
(2,4-dinitrotoluene) was demonstrated based on their selective response via a
fluorescence quenching mechanism. This proposed method was further applied to soil
samples by using the sensor in organic media. The highest fluorescent quenching was
achieved for TNT, with an efficiency of less than 50%.95
Similarly, Zhang et al. reported N-rich carbon dot (CDs) prepared via a
microwave-assisted pyrolysis method using citric acid and ethylenediamine as a dual
sensing platform for both the fluorescent and electrochemical detection of TNT. The
fluorescent sensing was again determined based on the TNT-amino interaction which
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quenches the fluorescence of amino- functionalized carbon dots through charge transfer.
The resultant linear detection range was found to be from 10 nM to 1.5 μM. Further, the
electrochemical method was applied to implement the sensing of TNT. A glassy carbon
electrode modified with the carbon dots obtained exhibited the capability for TNT
reduction with a linear range from 5 nM to 30 μM. Combining the two methods, the
minimum distinguishable response concentration was reported to be at the nanomolar
level.100
Currently, the on-site and visual detection of explosive residues in groundwater
systems is a security challenge. Tian et al. prepared a visual fluorescence paper sensor
based on carbon dots linked with the recognition molecule on the surface for on-site
detection of TNT in a groundwater system. The fluorescence of the carbon dots
(fluorescence quantum yield reported at 32.25％) was selectively and efficiently
quenched by the TNT, with the detection limit reaching 0.213 μmol/L through a photoinduced electron transfer effect between primary amino groups and TNT explosives. The
interference molecules, such as the nitrobenzene derivatives, were found to have no
influence on the detection of TNT. This paper sensor based on a carbon dots probe can
efficiently detect TNT residues in groundwater system.101
3.3 Carbon dot composites for sensing application
In addition, research has also focused on designing carbon dots composites for
sensing applications, investigating the potential of a synergic effect resulting from the
combination of the individual components. For example, metal-organic frameworks
(MOFs) have been widely used as host for encapsulating functional materials, obtaining

39

new types of composite materials that display enhanced or new functions. Lin et al.
prepared one such fluorescent MOF that encapsulated branched poly-(ethylenimine)capped carbon dots (PEI-CDs), resulting in a fluorescence quantum yield of more than
40%.102 As-synthesized fluorescent MOF composites have been found to maintain the
fluorescent performance, exhibiting sensing selectivity derived from PEI-CDs, due to the
adsorption property of the MOFs, which can selectively accumulate target analytes
(Figure 10). The selective accumulation effect of MOFs, thus, can amplify the sensing
signal and improve the specificity of the composite probe. The PEI-CD/MOF composites
have been demonstrated to selectively sense Cu2+ ion, with a response range of 2-1000
nM and a low detection limit of 80 pM. It is expected that various MOFs incorporated
with different nanostructures with high fluorescence quantum yields will be designed in
the future, providing good sensitivity and selectivity for sensing targeted analytes.
More recently, extending the research on MOF composites, Dong et al. designed
nitrogen and sulfur co-doped carbon dots (N,S- CDs) with blue light emission
encapsulated in a red light-emitting europium metal-organic framework (Eu-MOFs),
resulting in two color light-emitting nanohybrids (Eu-MOFs/N,S-CDs).103 These
nanohybrid composites are applied as probes for the water content in organic solvents.
The designing idea is that in organic solvents, the encapsulated N, S-CDs are aggregated
and confined within the cavities of the Eu-MOFs, thus exhibiting only a very weak
fluorescence signal showing red light emission of the Eu-MOFs, while when the EuMOFs/N, S-CDs are dispersed in water, the encapsulated N,S-CDs are released into the
solution and the red light emission of the Eu-MOFs is quenched due to the effect of the
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Figure 1.10 Top: concept and process for sensing Cu2+ based on fluorescent MOFs;
Bottom: fluorescence emission spectra of the PEI-CQDs/ZIF-8-based sensor exposed to
various concentrations of Cu2+: 1, 0.8, 0.6, 0.4, 0.2, 0.1, 0.08, 0.02, 0.002, and 0 μM from
bottom to top. The inset is the linear plot of the fluorescence intensity versus the
concentration of Cu2+. The excitation wavelength was 360 nm (from Ref. 102).
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O-H oscillators. This research resulted in the development of a visual photoluminescent
colorimetric sensor for water content in organic solvents. As the water content in ethanol
gradually increased, the red-light emission of the Eu-MOFs decreased, while the blue
light emission of N, S-CDs increased. The light intensity ratio, I420/I623, increased linearly
as the water content increased from 0.05% to 4% with a detection limit of 0.03%.
While much work has been done on carbon dots in sensing applications, researchers have
yet to explain the diverse KSV values found for carbon dots used in sensing application
(metal ions for example). The brief summary of the KSV values reported in the literature
presented in Figure 11 shows these differences when using carbon dots for sensing metal
ions such as Hg2+, Fe3+ and Cu2+. The reason for these differences and their comparison
to one another remain unclear. The structure of the carbon dots is expected to affect the
quenching process. The carbon dots synthesized using the various methods reported by
the different research groups behave largely differently when interacting with the sensing
targets. While there might be some relationship between the quantum yield of the carbon
dots and the sensing sensitivity, there is currently no evidence supporting this hypothesis.
A second concern is the selectivity of the carbon dots when used for the detection
of different metal ions. Past results suggest that carbon dots are more frequently
quenched by Hg2+, Fe3+ and Cu2+ than other metal ions, but the reason behind this
selectivity is unclear. The carbon dots themselves including their structures as well as
fluorescence properties could affect the selectivity as their interaction with the analytes
may differ. In addition, it is not yet fully understood the relationship, if any, between the
standard potentials of the metal ions and this selectivity.
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Cu2+ (bottom).
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1.5 Conclusion
The last ten years have seen the rapid development of carbon dots in terms of the
methods used in their synthesis, their fluorescent properties, and their mechanism of
fluorescent emission as well as their application in various areas. Carbon dots are
comparable to semiconductor quantum dots in terms of fluorescent quantum yield while
being non-toxic or much less toxic in comparison, thus gaining the attention of the
research community. In general, carbon dots can be prepared relatively easily using
different approaches, with absorption covering the UV-visible range, fluorescent
emission in the visible range and various fluorescence quantum yields. Applications of
carbon dots have also been widely explored.
To continue this development, future research efforts could focus on efficient and
effective methods for synthesizing carbon dots with high yields, high quantum yields and
uniform properties. The current preparation methods reported result in low yields,
exhibiting a large size distribution and non-uniformity, with some requiring timeconsuming separation and purification processes. Furthermore, structural characterization
of carbon dots providing clear structural information is limited. In the literature, carbon
dots are reported through the combustion of various precursors without the unambiguous
evidence of the structural identification. As a result, the mechanism explaining the
fluorescence emitted from carbon dots with complicated structures and/or compositions is
unclear. Further research on their fluorescence phenomenon, photophysical properties,
and especially their bright fluorescent emissions is needed, the results of which may not
only further improve their performance but broaden their application as well.
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Thus far, carbon dots have demonstrated their ability to sense a variety of analytes
in various application because of their brightly fluorescent properties, essentially because
they serve as the electron donor. While there are some overlapping attempts using carbon
dots prepared through different approaches for these sensing applications, the results
seem significantly varied in terms of sensitivity as well as selectivity.
Another area needing more research is the mechanism involved in the sensing
process. For example, as fluorescent quenching is responsible for the detection, the
question remains as to what quenching process results in the decrease in fluorescent
intensity. In many studies, much emphasis is given to the phenomenon of the quenching
itself, but what contributes to it and the mechanism involved are not discussed. In
addition, it may be helpful to exploit other fluorescent phenomena for the sensing, more
specifically fluorescent enhancement. It is expected that fluorescent enhancement may be
a more sensitive technique simply because there may be less influence from the
fluorescent background or fewer false signal responses due to impurities.
Selectivity is another issue that needs to be addressed. This far, the mechanism
for selectivity for sensing a specific analyte with high selectivity has not been fully
explained. It has been proposed to use the sensor arrays to address the issues of poor
selectivity. A second potential approach involves functionalizing carbon dots with agents
which targets the strong and exclusive interaction between the sensor and the analytes.
The performance of carbon dots used as a sensor based on fluorescent signal
(intensity) depends on the fluorescence quantum yield, with high quantum yield the goal.
In particular, fluorescent emission intensity with a long wavelength excitation needs
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further research considering the current quantum yield in the red usually less than 5%.
Studies in this area are needed, and thus far early research suggests enhancing redemission performance is challenging.
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CHAPTER TWO
ENHANCED FLUORESCENCE PROPERTIES OF CARBON DOTS IN POLYMER
FILMS
This work has been published as:
Liu, Y.; Wang, P.; Shiral Fernando, K. A.; LeCroy, G. E.; Maimaiti, H.; Harruff-Miller,
B. A.; Lewis, W. K.; Bunker, C. E.; Hou, Z.-L.; Sun, Y.-P., J. Mater. Chem. C 2016, 4,
6967-6974.
2.1 Introduction
Optical properties of carbon nanomaterials have attracted much recent attention
for their variety of potential technological applications, from optoelectronics, bioimaging
and sensing, to photocatalysis for energy conversion. Most of these materials are
fluorescent over the visible spectrum, extending into the near-IR. More specifically,
carbon "quantum" dots or carbon dots were found and developed as a new class of
brightly fluorescent nanomaterials,1,2 with their performance competitive to that of
conventional semiconductor quantum dots (QDs) yet nontoxic and environmentally
benign.3-5 In fact, carbon dots have emerged to represent now a rapidly advancing and
expanding research field, as reflected by the large number of recent publications in the
literature, with extensive investigations looking into many aspects of carbon dots for both
fundamental and technological purposes.3-14
Carbon dots are generally defined as small carbon nanoparticles with various
surface passivation schemes, including especially the surface functionalization by organic
and bio-molecular species (Figure 1).1,6,14 While fluorescence emissions from "naked"
carbon nanoparticles (without any deliberate surface functionalization) in aqueous or
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other suspensions have been observed and reported,15-19 their intensities are low, with
observed quantum yields generally on the order of 1-2% or less. Therefore, effective
surface passivation in carbon dots is necessary for bright fluorescence emissions.3,4,6,14
For example, Wang, et al. reported that for carbon dots with oligomeric poly(ethylene
glycol) diamine (PEG1500N) as the surface passivation agent, the as-synthesized sample
exhibited fluorescence quantum yields around 20%, from which more fluorescent
fractions corresponding to carbon dots of more effective surface functionalization and
passivation could be isolated to achieve fluorescence quantum yields of more than 50%.20
A number of other studies have also confirmed the critical role of surface passivation in
determining the fluorescence brightness of the resulting carbon dots.6,14,21 The
mechanistic origin and implications of the surface passivation in carbon dots have also
been explored.6,12,22
The widely cited mechanistic framework for carbon dots is such that the abundant
surface defects in the small carbon nanoparticles must be playing an important role in the
observed optical properties of carbon dots.6,12,23-25 Upon photoexcitation there must be
rapid charge separation in the carbon nanoparticles for the formation of electrons and
holes, which are "trapped" at various surface sites, and radiative recombinations of the
electrons and holes are responsible for the observed fluorescence emissions (Figure
1).6,12,25 The more effective passivation in carbon dots might have stabilized the surface
sites for the electrons and holes, enabling more efficient radiative recombinations to
result in higher fluorescence quantum yields. Within such a mechanistic framework, the
weak fluorescence emissions from naked carbon nanoparticles in aqueous or organic
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suspensions may be understood in term of surface passivation effect provided by the
solvation.12,19 Organic solvents are apparently more effective than water in this regard,
and the presence of amino molecules in the carbon nanoparticle solutions enhances the
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Carbon Nanoparticle Core
Corona of Surface
Passivation Molecules
EDA:

Figure 2.1 A cartoon illustration on EDA-carbon dot, generally a small carbon
nanoparticle core with attached and strongly adsorbed EDA molecules for surface
passivation (a configuration similar to a soft corona).
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passivation effect and therefore the fluorescence performance.19 It may be expected in the
same mechanistic framework that a compression of the surface passivation layer in
carbon dots (Figure 1) could also enhance the passivation effect for brighter fluorescence
emissions, as hinted by the results obtained from carbon dots in a more restrictive
environment.26 A more systematic examination on such an enhancement effect is in
demand for significant mechanistic implications and also for the relevance to various
technological applications of carbon dots, such as their uses in polymeric composites for
fluorescence displays and/or the like.27,28
In the work reported here we dispersed carbon dots of different levels of surface
functionalization (thus different fluorescence quantum yields), as well as carbon
nanoparticles without any deliberate functionalization, into poly(vinyl alcohol) (PVA, a
polymer widely employed in optical spectroscopic investigations) for composite films. In
the PVA matrix, the carbon dots and nanoparticles exhibited much enhanced fluorescence
emissions in comparison with their corresponding aqueous solutions. The increased
fluorescence quantum yields in the films were determined quantitatively by using a
specifically designed and constructed film sample holder in the emission spectrometer.
Since the fluorescence decays of the carbon dots in film and in solution are essentially the
same, the significant enhancement in fluorescence quantum yields from solution to film
is attributed to static in nature, rationalized as a result of enhanced surface passivation for
the carbon dots in a more confined environment in the PVA matrix. The mechanistic and
technological implications of the results are discussed.

66

2.2 Experimental Section
Materials. Carbon nanopowder sample (99%), 2,2'(ethylenedioxy)bis(ethylamine) (EDA), and poly(vinyl alcohol) (PVA, MW ~ 90,000)
were purchased from Sigma-Aldrich, thionyl chloride (>99%) from Alfa Aesar, nitric
acid from VWR, and sulfuric acid (98%) from Fisher Scientific. Dialysis membrane
tubing (cutoff molecular weight ~ 500) was supplied by Spectrum Laboratories. Water
was deionized and purified by being passed through a Labconco WaterPros water
purification system.
Measurement. Eppendorf centrifuge (model 5417 R) was used for centrifugation
at various g values. Transmission electron microscopy (TEM) images were obtained on a
Hitachi H-7600 instrument operated at 100-120 kV. Atomic force microscopy (AFM)
analysis was carried out in the acoustic AC mode on a Molecular Imaging PicoPlus AFM
system equipped with a multipurpose scanner and a NanoWorld Pointprobe NCH sensor.
The height profile analysis was assisted by using the SjPIP software distributed by Image
Metrology.
Optical absorption spectra were recorded on a Shimadzu UV2501-PC
spectrophotometer. Fluorescence spectra were measured on a Jobin-Yvon emission
spectrometer equipped with a 450 W xenon source, Gemini-180 excitation and Tirax-550
emission monochromators, and a photon-counting detector (Hamamatsu R928P PMT at
950 V). Fluorescence decays were measured on a time-correlated single photon counting
(TCSPC) setup with a Hamamatsu stabilized picosecond light pulser (PLP-02) for 407
nm excitation (<100 ps pulses at 1 MHz repetition rate), coupled with a Phillips

67

XP2254/B PMT in a thermoelectrically cooled housing as a detector for an overall
instrument time resolution of 500 ps or better.
A specifically designed film sample holder for being used in the emission
spectrometer was made by using 3D printing in house. The physical dimensions of the
holder march exactly those of a standard 1 cm cuvette, so that the holder is fully
compatible with the sample chamber in the emission spectrometer. The outer piece of the
holder is equivalent to a typical plastic cuvette, except for large openings at all four sides.
Inside the outer piece is fitted precisely in the diagonal geometry a pair of composite
plates, both of which have a matching large opening in the center. The function of the
plates is to sandwich a film specimen for fluorescence measurements in such a geometry
that the film is excited in the back with a 45° angle to the excitation light, and the
emissions are collected in the front of the film also in a 45° angle to the detector. The
performance of the sample holder in terms of reproducibility and reliability in the
measurement of film samples against fluorescence film standard (rhodamine 6G in PVA
film) was evaluated by repeated measurements of sample and/or standard films, and in
each measurement the selected film was reloaded into the holder. The variations in
measurement results were around 5% or less, which were considered as being sufficient
for the validation of the sample holder.
Carbon Nanoparticles and EDA-Carbon Dots. The commercially acquired
carbon nanopowder sample was refluxed in aqueous nitric acid (2.6 M) for 24 h, washed
with deionized water repeatedly, and then dried under nitrogen. The treated sample (200
mg) was further treated in the mixed acid of concentrated sulfuric acid and nitric acid
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(3/1 v/v, 10 mL) at 60 °C with sonication for 1 h and then refluxing for 2 h. To the
resulting mixture was added deionized water (100 mL) for centrifugation at 20,000 g for
30 min to keep the supernatant. It was dialyzed in a membrane tubing (cutoff molecular
weight ~ 500) against fresh water for 3 days to yield a stable dispersion of carbon
nanoparticles.
For the synthesis of EDA-carbon dots, the nitric acid treated carbon nanopowder
sample discussed above was dialyzed in a membrane tubing (cutoff molecular weight ~
500) against fresh water, followed by centrifugation at 1,000 g to retain the supernatant as
a suspension of carbon nanoparticles. The nanoparticles were recovered by the removal
of water via evaporation, and then refluxed in neat thionyl chloride for 12 h. Upon the
removal of excess thionyl chloride, the treated sample (50 mg) was mixed well with
carefully dried EDA liquid in a round-bottom flask, heated to 120 °C, and vigorously
stirred under nitrogen protection for 3 days. The reaction mixture back at room
temperature was dispersed in water and then centrifuged at 20,000 g to retain the
supernatant. It was dialyzed in a membrane tubing (cutoff molecular weight ~ 500)
against fresh water to remove unreacted EDA and other small molecular species to obtain
an aqueous solution of the as-synthesized EDA-carbon dots. A SephadexTM G-100 gel
column (packed in house with commercially supplied gel sample) was used for the
fractionation of the as-synthesized sample by following the experimental protocol already
reported in the literature.20
PVA Films. PVA polymer (MW ~ 90,000, 750 mg) was dissolved in deionized
water (10 mL) at 80 °C. Separately, aqueous solution with known concentration of a

69

selected sample of EDA-carbon dots was prepared, and a quantitatively measured amount
of the solution was mixed with the PVA solution under vigorous stirring. The resulting
solution was degassed, concentrated by the evaporation of water until viscous, and then
drop-casted onto a clean glass slide. The film thickness was controlled by controlling the
film dimensions. After drying, the PVA/carbon dots composite film was peeled off the
slide to be free-standing. The same procedure was applied to the fabrication of PVA films
embedded with carbon nanoparticles or rhodamine 6G as fluorescence standard.
2.3 Results and Discussion
Carbon nanoparticles were harvested from commercially supplied carbon
nanopowder sample in procedures including the sample being subjected to several acid
treatment steps involving aqueous nitric acid and the mixed acid composed of
concentrated sulfuric acid and nitric acid.18 The acid treated sample was dialyzed against
fresh water, and centrifuged to keep the supernatant as an aqueous dispersion of carbon
nanoparticles, which appeared transparent and solution-like (Figure 2). The treatment
with the mixed acid was apparently a necessary step in the processing to make the
resulting dispersion relatively more stable without any meaningful precipitation. The
dispersed carbon nanoparticles were small, as desired, on average around 4.5 nm
according to results from the transmission electron microscopy (TEM) characterization
(Figure 3). The broad optical absorption spectrum of the aqueous dispersed carbon
nanoparticles is also shown in Figure 2.
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Figure 2.2 Absorption (ABS) and fluorescence (FLSC, 400 nm excitation) spectra of
carbon nanoparticles in aqueous dispersion (—, with a photograph on the dispersion in
the inset) and in PVA film (− ∙ − ∙ −).
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Figure 2.3 A representative TEM image of the carbon nanoparticles, with the size
distribution analysis in the inset.

72

The carbon nanoparticles in aqueous dispersion were found to be weakly
fluorescent (Figure 2), with observed quantum yields on the order of 1-2%, and
somewhat different at different excitation wavelengths. The results are in general
agreement with those already reported in the literature.15-19 It has been argued that even
without the deliberate surface passivation via the kind of organic functionalization in
carbon dots, the solvation of the carbon nanoparticles in an aqueous medium may provide
some passivation effect to result in the observed relatively weak fluorescence
emissions.6,17
The carbon nanoparticles were functionalized with 2,2'(ethylenedioxy)bis(ethylamine) (EDA) under amidation reaction conditions to obtain
EDA-carbon dots, as reported previously.29 The as-synthesized sample was readily
soluble in water, thus cleaned in dialysis (through membrane tubing with cutoff
molecular weight ~ 500) to remove unreacted EDA and other small molecular species.
Results from atomic force microscopy (AFM) characterization (Figure 4) suggested that
the carbon dots were on the order of 5 nm in diameter, consistent with the TEM results on
the sizes of precursor carbon nanoparticles (Figure 3).
Absorption and fluorescence spectra of the as-synthesized sample of EDA-carbon
dots in aqueous solution are shown in Figure 5. The observed fluorescence quantum
yields were much higher than those of the aqueous dispersed carbon nanoparticles, 1520% (varying from batch to batch in duplicating syntheses) at 400 nm excitation. Since
the as-synthesized sample was generally known as a mixture of EDA-carbon dots of
different fluorescence quantum yields,29 an aqueous gel column (SephadexTM G-100) was
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Figure 2.4 Results from AFM imaging of the EDA-carbon dots on mica, with
height analyses on selected dots for estimating their sizes.
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used for the fractionation of the sample,20 yielding fractions of fluorescence quantum
yields higher or lower than the pre-fractionation average (Figure 5). As discussed in the
literature, the difference in fluorescence brightness between different fractions reflects
upon the effectiveness of surface passivation in the corresponding carbon dots.20,30
Therefore, fractions of the carbon dots exhibiting lower fluorescence quantum yields due
to relatively less effective surface passivation should be expected to benefit more
significantly from any external effect that would improve the surface passivation, such as
the expected compression effect experienced by the carbon dots embedded in a polymer
film matrix. This was confirmed in the film study in which a fraction combining the
EDA-carbon dots of fluorescence quantum yields around 5% at 400 nm excitation was
used as the starting point.
Poly(vinyl alcohol) (PVA) was selected as the polymer host for its known high
optical quality and desirable film properties.31-33 In the fabrication of polymeric
nanocomposite films with embedded EDA-carbon dots, the selected sample solution was
added dropwise to a separately prepared aqueous solution of PVA with stirring to obtain
a homogeneous mixture. The mixture was degassed thoroughly, concentrated until
viscous, and drop-casted onto a clean glass slide. Upon drying, the PVA/EDA-carbon
dots film was peeled off the slide to be free-standing (Figure 6). Blank PVA film without
carbon dots was prepared in the same procedure. The film thickness was controlled in the
fabrication by using the same amount of PVA and by keeping the film dimensions as
constant as possible.
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Figure 2.5 Absorption (ABS) and fluorescence (FLSC, 400 nm excitation) spectra
of the EDA-carbon dots in aqueous solution (the as-prepared sample: —; the
separated fractions with fluorescence quantum yields at 400 nm excitation of
around 5%: – – – and 32%: − ∙ − ∙ −), and observed fluorescence quantum yields of
the two fractions at different excitation wavelengths (the lower-yield fraction:
circles, and the higher-yield fraction: squares).
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Figure 2.6 Absorption (ABS) and fluorescence (FLSC, 400 nm excitation on the
left and 500 nm excitation on the right) spectra of the EDA-carbon dots in aqueous
solution (—) and in PVA film (− ∙ − ∙ −). Inset: Photographs on the PVA/carbon
dots composite film (from top to bottom) under ambient light and exposed to a UV
lamp (350-400 nm, with the three photos taken through 405 nm, 475 nm, and 525
nm cutoff filters).
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The PVA/carbon dots composite films appeared colored, but optically transparent
(Figure 6). The observed absorption spectra of the EDA-carbon dots in PVA film (as
blank film has no absorption in the same spectral region) are largely the same as those in
solution (Figures 5 & 6). Since the optical absorption of carbon dots is due to transitions
associated with the π-plasmon in the core carbon nanoparticles, the results suggest that
the film environment has no significant effect on the transitions. The observed
fluorescence spectra of the EDA-carbon dots in PVA film are also similar to those in
solution at same excitation wavelengths, except for slight blue shifts due to the film
environment (Figure 6). The composite films were visually brightly fluorescent under
light illumination, suggesting substantial fluorescence quantum yields.
Fluorescence quantum yields of the EDA-carbon dots in PVA films were
determined quantitatively by using the relative method with a film of rhodamine 6G in
PVA as fluorescence standard. Because of the implicit assumptions behind the relative
method,34 an absolute requirement is for the sample and the standard to have the same
configuration (film vs film) and also the same measurement geometry in the fluorescence
spectrometer.34,35 The latter is intrinsically more difficult for film specimens, requiring
special effort in terms of instrumental setup and measurements. Therefore, a film sample
holder was specifically designed and constructed (details in Experimental Section) for the
fluorescence spectrometer to ensure the same measurement geometry for the films and
thus the reproducibility in the measurement of their fluorescence intensities. As a
calibration to evaluate and demonstrate the reproducibility, several PVA/rhodamine 6G
films were used for multiple independent (film remounted in the holder each time)
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measurements, equivalent to multiple independent determinations of the fluorescence
quantum yield of a PVA/rhodamine 6G film by using itself or another film of the same
kind as fluorescence standard. The results suggested that the variation over multiple
films, each with multiple independent measurements, was around 5%, an error margin
not so different from that in the use of the relative method for fluorescence quantum yield
determination in general. Therefore, the same film sample holder and measurement
protocol were used in the determination of fluorescence quantum yields of all
PVA/carbon dots films in reference to the PVA/rhodamine 6G film standard. For the
same sample film over multiple independent measurements, the variation in the resulting
fluorescence quantum yield values was also on the order of 5%. As shown in Figure 7,
the fraction of EDA-carbon dots with the solution-phase fluorescence quantum yield of
5% (400 nm excitation) exhibited nearly a doubling in the yield upon being incorporated
into the PVA film matrix (Figure 7).
The enhancement in fluorescence quantum yields from solution to film was
apparently more dramatic relatively (in terms of the percentage increase) for less
fluorescent fractions of the EDA-carbon dots. For example, the fraction from the gel
column separation with a fluorescence quantum yield of around 15% in aqueous solution
(400 nm excitation) was used in the fabrication of PVA/carbon dots composite films, and
the fluorescence quantum yields in films were also determined in reference to the
PVA/rhodamine 6G film standard by using the same film sample holder and
measurement protocol. The enhancement from solution to film was significant, with the
observed fluorescence quantum yield increased to more than 20% in film, though
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seemingly less dramatic in the percentage term (a 50% increase from solution to film,
Figure 7). Similar enhancement from solutions to films was confirmed with films
fabricated by using other fractions of the EDA-carbon dots of different solution-phase
fluorescence quantum yields, as also illustrated in Figure 7.
For carbon dots of the same surface functional molecules, the gel-column
separated fractions of different observed fluorescence quantum yields have generally
been correlated with different levels of surface functionalization-passivation in the
corresponding carbon dots, those less well functionalized-passivated exhibiting lower
fluorescence quantum yields.20,30 In this regard, at the limit is the aqueous dispersed
carbon nanoparticles without surface functionalization (depending on solvation for
relatively weak surface passivation effect).19 Therefore, the particle dispersion was also
used for the fabrication of PVA/carbon nanoparticles composite films, and their
fluorescence quantum yields were similarly determined. The results suggested the most
significant percentage increases in fluorescence quantum yields from the aqueous
dispersion to composite films (Figure 7).
Within the mechanistic framework discussed in the introduction section, the
observed substantial increases in fluorescence quantum yields of carbon dots from
solutions to PVA films are attributed primarily to significantly enhanced surface
passivation effect on the carbon nanoparticles in carbon dots in the film environment.
Similar observations in the literature on solid-state matrix effect on the embedded carbon
dots may be understood in terms of the same mechanistic origins.26,36 In the PVA/carbon
dots composite films, while PVA may not add directly to the surface passivation layer in
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carbon dots (Figure 1), the film environment may compress the existing EDA
functionalization to enhance the surface passivation effect to result in brighter
fluorescence emissions across all fractions of the EDA-carbon dots with different
solution-phase fluorescence quantum yields (Figure 7). Similarly, it may be argued that
such a film environment-induced effect is more significant relatively on the less
fluorescent factions. At the extreme for "naked" carbon nanoparticles in PVA film
matrix, the matrix polymers are apparently able to provide more effective surface
passivation than water molecules in aqueous dispersion of the nanoparticles for largest
percentage increase in the observed fluorescence quantum yield. Nevertheless, in
absolute terms the incorporation of the most fluorescent fraction of EDA-carbon dots into
PVA films resulted in the substantial improvement to push the fluorescence quantum
yield over 40% (Figure 7).
The film environment-induced fluorescence quantum yield enhancement (or
"negative quenching effect" in a different description)19 must be mostly static in nature,
generally manifested in terms of a decoupling between fluorescence intensity quenching
and fluorescence lifetime quenching.34 This was confirmed by the results from
fluorescence decay measurements based on the time-correlated single photon counting
(TCSPC). As compared in Figure 8, the decay curve of the EDA-carbon dots in PVA film
is essentially the same as that in solution, despite the substantially higher fluorescence
quantum yield observed in the same film sample. Both decay curves could not be
deconvoluted with a mono- or bi-exponential function, suggesting a distribution of
fluorescence lifetimes.
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Figure 2.8 A comparison between fluorescence decay curves of the EDA-carbon
dots in aqueous solution (black) and in PVA film (red).
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In addition to the results shown in Figure 7 for 400 nm excitation, enhanced
fluorescence quantum yields in representative sample films at other excitation
wavelengths were determined and compared. Shown in Figure 9 are results for the films
corresponding to the fractions of EDA-carbon dots with solution-phase fluorescence
quantum yields of around 5%, 15%, and 32% at 400 nm excitation. Across all of the
excitation wavelengths, there are significant increases in the observed fluorescence
quantum yields from solution to films, with the film-to-solution (ΦF,film/ΦF,solution) ratio
varying with the excitation wavelength (Figure 9). The variation is such that the
enhancements at longer excitation wavelengths are more pronounced than at 400 nm
excitation. For the more fluorescent film (Figure 9), the ΦF,film/ΦF,solution ratios at 480 nm
and 520 nm excitations are 2.3 and 1.9, corresponding to absolute fluorescence quantum
yield values in the film of 10% and 4%, respectively. The results suggest that the
incorporation of carbon dots into polymer films or other optically transparent matrices
may be further explored as a strategy for the general need to increase the fluorescence
brightness of carbon dots at longer excitation wavelengths.
In addition to mechanistic implications of the results presented above on
enhanced surface passivation effect with carbon dots embedded in a more confined
environment in polymer matrix, technologically an improved understanding of polymeric
composites with brightly fluorescent carbon dots is relevant to the increasing interest in
using carbon dots for optoelectronic devices, light emitting diodes (LEDs) in
particular.37,38 A potentially more direct use of the polymer/carbon dots composite films
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is to take advantage of their bright fluorescence emissions for displays, signs, or other
luminescence-based devices.
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Figure 2.9 Excitation wavelength dependencies of the fluorescence quantum yield
enhancements from aqueous solution to PVA film (as measured by
ΦF,film/ΦF,solution) for different EDA-carbon dots fractions with solution-phase
quantum yields at 400 nm excitation of around 5% (squares), 15% (circles), and
32% (triangles).
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2.4 Conclusion
Carbon dots are small carbon nanoparticles with various surface passivation
schemes, among which the most effective has been the particle surface functionalization.
As a result, the fluorescence properties of carbon dots, the brightness or quantum yields
in particular, are sensitive to the level and effectiveness of the surface functionalizationpassivation, as reflected by the different performances of the fractions from separating
the as-synthesized sample of EDA-carbon dots. Demonstrated in this work is that in all
fractions the passivation effect could be enhanced significantly upon dispersing the
carbon dots into a polymer (PVA) film matrix, corresponding to observed higher
fluorescence quantum yields. The fluorescence decay results suggest that the enhanced
passivation effect is static in nature. Mechanistically the enhancement may be
rationalized as being associated with the compression of the surface passivation layer
(similar to a soft corona) in carbon dots embedded in the more restrictive film
environment, which must have provided stabilization effect on the trapped electrons and
holes for more efficient radiative recombinations. Technologically, the brightly
fluorescent polymer/carbon dots composite films with multiple emission colors may find
direct or indirect applications in various optical or optoelectronic devices, from
fluorescent displays to LEDs.

87

References
1.

Sun, Y.-P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K. A. S.; Pathak, P.; Meziani,

M. J.; Harruff, B. A.; Wang, X.; Wang, H.; Luo, P. G.; Yang, H.; Kose, M. E.; Chen, B.;
Veca, M.; Sie, S.-Y. Quantum-Sized Carbon Dots for Bright and Colorful
Photoluminescence. J. Am. Chem. Soc. 2006, 128, 7756-7757.
2.

Cao, L.; Wang, X.; Meziani, M. J.; Lu, F.; Wang, H.; Luo, P. G.; Lin, Y.; Harruff,

B. A.; Veca, L. M.; Murray, D.; Xie, S. Y.; Sun, Y.-P. Carbon Dots for Multiphoton
Bioimaging. J. Am. Chem. Soc. 2007, 129, 11318-11319.
3.

Luo, P. G.; Sahu, S.; Yang, S.-T.; Sonkar, S. K.; Wang, J.; Wang, H.; LeCroy, G.

E.; Cao, L.; Sun, Y.-P. Carbon “Quantum” Dots for Optical Bioimaging. J. Mater. Chem.
B 2013, 1, 2116-2127.
4.

Luo, P. G.; Yang, F.; Yang, S.-T.; Sonkar, S. K.; Yang, L.; Broglie, J. J.; Liu, Y.;

Sun, Y.-P. Carbon-Based Quantum Dots for Fluorescence Imaging of Cells and Tissues.
RSC Adv. 2014, 4, 10791-10807.
5.

Miao, P.; Han, K.; Tang, Y.; Wang, B.; Lin, T.; Cheng, W. Recent Advances in

Carbon Nanodots: Synthesis, Properties and Biomedical Applications. Nanoscale 2015,
7, 1586-1595.
6.

Cao, L.; Meziani, M. J.; Sahu, S.; Sun, Y.-P. Photoluminescence Properties of

Graphene Versus Other Carbon Nanomaterials. Acc. Chem. Res. 2013, 46, 171-180.
7.

Wang, Y.; Hu, A. Carbon Quantum Dots: Synthesis, Properties and Applications.

J. Mater. Chem. C 2014, 2, 6921-6939.

88

8.

Hola, K.; Zhang, Y.; Wang, Y.; Giannelis, E. P.; Zboril, R.; Rogach, A. L. Carbon

Dots-Emerging Light Emitters for Bioimaging, Cancer Therapy and Optoelectronics.
Nano Today 2014, 9, 590-603.
9.

Lim, S. Y.; Shen, W.; Gao, Z. Carbon Quantum Dots and Their Applications.

Chem. Soc. Rev. 2015, 44, 362-381.
10.

Zhao, A.; Chen, Z.; Zhao, C.; Gao, N.; Ren, J.; Qu, X. Recent Advances in

Bioapplications of C-Dots. Carbon 2015, 85, 309-327.
11.

Wang, J.; Qiu, J. A Review of Carbon Dots in Biological Applications. - J. Mater.

Sci. 2016, 51, 4728-4738.
12.

Fernando, K. A. S.; Sahu, S.; Liu, Y.; Lewis, W. K.; Guliants, E. A.; Jafariyan,

A.; Wang, P.; Bunker, C. E.; Sun, Y.-P. Carbon Quantum Dots and Applications in
Photocatalytic Energy Conversion. ACS Appl. Mater. Interfaces 2015, 7, 8363-8376.
13.

Du, Y.; Guo, S. J. Chemically Doped Fluorescent Carbon and Graphene Quantum

Dots for Bioimaging, Sensor, Catalytic and Photoelectronic Applications. Nanoscale
2016, 8, 2532-2543.
14.

Konstantinos, D. Carbon Quantum Dots: Surface Passivation and

Functionalization. Curr. Org. Chem. 2016, 20, 682-695.
15.

Ray, S. C.; Saha, A.; Jana, N. R.; Sarkar, R. Fluorescent Carbon Nanoparticles:

Synthesis, Characterization, and Bioimaging Application. J. Phys. Chem. C 2009, 113,
18546-18551.

89

16.

Lu, J.; Yang, J.-x.; Wang, J.; Lim, A.; Wang, S.; Loh, K. P. One-Pot Synthesis of

Fluorescent Carbon Nanoribbons, Nanoparticles, and Graphene by the Exfoliation of
Graphite in Ionic Liquids. ACS Nano 2009, 3, 2367-2375.
17.

Ciftan Hens, S.; Lawrence, W. G.; Kumbhar, A. S.; Shenderova, O.

Photoluminescent Nanostructures from Graphite Oxidation. J. Phys. Chem. C 2012, 116,
20015-20022.
18.

Liu, J.-H.; Yang, S.-T.; Wang, X.; Wang, H.; Liu, Y.; Luo, P. G.; Liu, Y.; Sun,

Y.-P. Carbon Nanoparticles Trapped in vivo - Similar to Carbon Nanotubes in TimeDependent Biodistribution ACS Appl. Mater. Interf. 2014, 6, 14672-14678.
19.

Cao, L.; Anilkumar, P.; Wang, X.; Liu, J.-H.; Sahu, S.; Meziani, M. J.; Myers, E.;

Sun, Y.-P. Reverse Stern–Volmer Behavior for Luminescence Quenching in Carbon
Nanoparticles. Can. J. Chem. 2011, 89, 104-109.
20.

Wang, X.; Cao, L.; Yang, S.-T.; Lu, F.; Meziani, M. J.; Tian, L.; Sun, K. W.;

Bloodgood, M. A.; Sun, Y.-P. Bandgap-Like Strong Fluorescence in Functionalized
Carbon Nanoparticles. Angew. Chem. Int. Ed. 2010, 49, 5310-5314.
21.

Dong, Y. Q.; Wang, R. X.; Li, H.; Shao, J. W.; Chi, Y. W.; Lin, X. M.; Chen, G.

N. Polyamine-Functionalized Carbon Quantum Dots for Chemical Sensing. Carbon
2012, 50, 2810-2815.
22.

Li, X.; Zhang, S.; Kulinich, S. A.; Liu, Y.; Zeng, H. Engineering Surface States of

Carbon Dots to Achieve Controllable Luminescence for Solid-Luminescent Composites
and Sensitive Be2+ Detection. Sci Rep 2014, 4, 4976.

90

23.

Bao, L.; Liu, C.; Zhang, Z.-L.; Pang, D.-W. Photoluminescence-Tunable Carbon

Nanodots: Surface-State Energy-Gap Tuning. Adv. Mater. 2015, 27, 1663-1667.
24.

Chandra, S.; Pathan, S. H.; Mitra, S.; Modha, B. H.; Goswami, A.; Pramanik, P.

Tuning of Photoluminescence on Different Surface Functionalized Carbon Quantum
Dots. RSC Advances 2012, 2, 3602-3606.
25.

Cao, L.; Sahu, S.; Anilkumar, P.; Bunker, C. E.; Xu, J.; Fernando, K. A. S.;

Wang, P.; Guliants, E. A.; Tackett, K. N.; Sun, Y.-P. Carbon Nanoparticles as VisibleLight Photocatalysts for Efficient CO2 Conversion and Beyond. J. Am. Chem. Soc. 2011,
133, 4754-4757.
26.

Xie, Z.; Wang, F.; Liu, C.-y. Organic–Inorganic Hybrid Functional Carbon Dot

Gel Glasses. Adv. Mater. 2012, 24, 1716-1721.
27.

Zhou, L.; He, B. Z.; Huang, J. C. Amphibious Fluorescent Carbon Dots: One-Step

Green Synthesis and Application for Light-Emitting Polymer Nanocomposites. Chem.
Commun. 2013, 49, 8078-8080.
28.

Hao, Y.; Gan, Z.; Xu, J.; Wu, X.; Chu, P. K. Poly(Ethylene Glycol)/Carbon

Quantum Dot Composite Solid Films Exhibiting Intense and Tunable Blue–Red
Emission. Appl. Surf. Sci. 2014, 311, 490-497.
29.

LeCroy, G. E.; Sonkar, S. K.; Yang, F.; Veca, L. M.; Wang, P.; Tackett, K. N.;

Yu, J.-J.; Vasile, E.; Qian, H.; Liu, Y.; Luo, P.; Sun, Y.-P. Toward Structurally Defined
Carbon Dots as Ultracompact Fluorescent Probes. ACS Nano 2014, 8, 4522-4529.

91

30.

Anilkumar, P.; Wang, X.; Cao, L.; Sahu, S.; Liu, J.-H.; Wang, P.; Korch, K.;

Tackett, K. N., II; Parenzan, A.; Sun, Y.-P. Toward Quantitatively Fluorescent CarbonBased “Quantum” Dots. Nanoscale 2011, 3, 2023-2027.
31.

Michl, J.; Bonacic-Koutechy´, V. Electronic Aspects of Organic Photochemistry;

John Wiley & Sons: New York, 1990.
32.

Zhou, B.; Lin, Y.; Veca, L. M.; Fernando, K. A. S.; Sun, Y.-P. Luminescence

Polarization Spectroscopy Study of Functionalized Carbon Nanotubes in a Polymeric
Matrix. J. Phys. Chem. B 2006, 110, 3001-3006.
33.

Hourd, A. C.; Baker, R. T.; Abdolvand, A. Structural Characterisation of

Printable Noble Metal/Poly(Vinyl-Alcohol) Nanocomposites for Optical Applications.
Nanoscale 2015, 7, 13537-13546.
34.

Lakowicz, R. J. Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer

Academic/Plenum Publisher: New York, 1999.
35.

Würth, C.; Grabolle, M.; Pauli, J.; Spieles, M.; Resch-Genger, U. Relative and

Absolute Determination of Fluorescence Quantum Yields of Transparent Samples. Nat.
Protocols 2013, 8, 1535-1550.
36.

Müller, M.; Kaiser, M.; Stachowski, G. M.; Resch-Genger, U.; Gaponik, N.;

Eychmüller, A. Photoluminescence Quantum Yield and Matrix-Induced Luminescence
Enhancement of Colloidal Quantum Dots Embedded in Ionic Crystals. Chem. Mat. 2014,
26, 3231-3237.

92

37.

Mao, L.-H.; Tang, W.-Q.; Deng, Z.-Y.; Liu, S.-S.; Wang, C.-F.; Chen, S. Facile

Access to White Fluorescent Carbon Dots toward Light-Emitting Devices. Ind. Eng.
Chem. Res. 2014, 53, 6417-6425.
38.

Sarswat, P. K.; Free, M. L. Light Emitting Diodes Based on Carbon Dots Derived

from Food, Beverage, and Combustion Wastes. Phys. Chem. Chem. Phys. 2015, 17,
27642-27652.

93

CHAPTER THREE
CARBON DOTS/TIO2 COMPOSITES: STRUCTURE-DERIVED PHOTOPHYSICAL
PROPERTIES
In recent years, nanomaterial research has focused on the realization of complex
multifunctional nanostructured materials, specifically the combining of two or more
different functional materials into one system using such different methods as through a
direct atomic bond at their interphase or by introducing a molecular bridge between them.
These nanocomposites provide new possibilities for controlling the final functionality. In
this regard, the coupling of the carbon dots and titania (TiO2) into composites has
attracted much interest due to their potential use in a wide range of applications such as
catalysis, optics and sensing. In fact, the integration of both optical and catalytic
properties into a single system makes TiO2/C composites highly promising for improving
related applications and the developing new ones. Often in the composites the synergy
caused by the two produces enhanced properties. For example, when the composite of
TiO2/C dots are used as photocatalysts, the catalytic efficiency is much improved
compared to TiO2 alone. The study of the relationship between the composite structure
(interphase and the interaction between the two domains) and the properties provides
more understanding of each component from a foundational point of view.
3.1 Preparation of C/TiO2-Dot composites and their photophysical properties
3.1.1 Introduction
Carbon dots have been widely studied ever since their discovery.1-6 Beyond the
currently widely pursued carbon dots and their various applications, the coupling of
nanoscale carbon with other functional materials for composite dots can provide
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opportunities for enhanced and/or unique applications that take advantage of the
combined merits of multiple materials.7-10 TiO2, as one of the most frequuently studied
semiconductors because of its relatively low cost, long-term stability, superior
photocatalytic performance and environmental friendliness, has been widely utilized in
different areas, especially in photocatalysis and antibacterial activities.11-12 However, it
has limited practical applications because of its UV light responsivity associated with its
large bandgap (3.2 eV), which could only utilize about 4% of the sunlight. Another issue
is that the rapid electron and charge recombination after the charge separation within
TiO2 particles leads to heat dissipation before the electrons can reach the surface of the
photocatalyst, resulting in low photocatalysis efficiency. Strategies attempting to address
this problem include doping with metal and nonmetal elements, coating noble metals,
sensitization with organic dyes, and coupling with narrow bandgap semiconductors,
among others.13-17 As an alternative to these strategies, the preparation of TiO2/C
nanocomposites represents a versatile platform and has achieved much success.
Researchers have reported TiO2/graphene oxides (GO),18-19 TiO2/graphene20 and
TiO2/carbon nanotubes (CNT) composites,21 in which the visible response has been
improved and the recombination of electrons and charge has been slowed. For example,
Liu et al. has demonstrated that self-assembled TiO2 nanorods on GO sheets exhibited a
significant increase of photocatalytic activity in terms of the degradation of methylene
blue (MB) under UV light irradiation.19 They believe that the effective charge transfer
from TiO2 to GO sheets results in significant photoluminescence quenching of TiO2
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nanorods, thus effectively preventing the charge recombination during the photocatalytic
process.
The merits of carbon dots, i.e. highly absorptive ability in the UV-visible range,
robust chemical inertness, superior stability, high aqueous solubility, and low
cytotoxicity, suggest the feasibility of using TiO2/C dot nanocomposites in maximizing
the potential applications of both functional materials. Thus far, the reports demonstrating
the potential photocatalytic application of TiO2/C dot composites have indicated the
influence of carbon dots on TiO2, either making them more absorptive in the visible
range or slowing down the charge recombination process. Continuous research efforts
have focused on preparing carbon dots, in particular coupled with TiO2 to obtain TiO2/C
dot composites for the such applications as photocatalysis, hydrogen generation, among
others. In one such early attempt, Yu et al., prepared TiO2/C dots for H2 generation, in
which carbon dot modified P25 TiO2 composites were prepared via a one-step
hydrothermal reaction,8 with the results demonstrating that P25/C dots exhibited
improved photocatalytic H2 evolution under UV-Vis and visible light (λ > 450 nm)
irradiation compared to pure P25. These researchers pointed out that under visible light
irradiation, carbon dots act as a photosensitizer, sensitizing P25 to respond to visible light
for H2 evolution. Kang et al. also reported that coupling carbon dots with semiconductor
nanoparticles such as TiO2, SiO2, Ag3PO4, and Fe2O3 improved their photocatalytic
abilities.22-24
The methods reported in the literature to prepare TiO2/C Dots include
hydrothermal reaction,8, 25 physical mixing22, 26 and pyrolysis.27 However, thus far there
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has been no report on using microwave irradiation to generate TiO2/C Dot composites
yet. The research reported here addresses this need by developing a facile route to
prepare the carbon dots modified P25 TiO2 composites (P25/C-Dot) via thermal
carbonization synthesis using a microwave irradiation method exploiting polyethylene
glycol (PEG) as the carbon source and surface functional groups. The phase,
morphologies, microstructures and optical properties of the composites were investigated
in detail. The coupling of the carbon dots with TiO2 to make composites could provide
opportunities to manipulate their overall properties, thus realizing such potential
applications, such as photocatalysis and visible light-driven bactericidal functions.
3.1.2 Experimental Section
Reagents
TiO2 (P25) was purchased from Sigma-Aldrich with reported TEM size 21nm.
Oligomeric polyethylene glycol (PEG1500, average molecular weight ~1,500) was
obtained from Fluka Chemical Reagent CO., Ltd. Dialysis membrane tubing (cutoff
molecular weight ~ 500) was supplied by Spectrum Laboratories. Water was deionized
and purified by being passed through a LabconcoWaterPros water purification system.
Measurement
The powder X-ray diffraction (XRD) pattern was performed on a Rigaku Ultima
IV X-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) at 25 °C. Crystallite sizes
were calculated from PXRD by the PDXL 1.8.1.0 software using Scherrer equation.
Transmission electron microscopic (TEM) and high resolution TEM (HRTEM) images
were obtained on a Hitachi H-9500 high-resolution TEM system with an accelerating
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voltage of 200 kV. SEM images were taken with a HD-2000 (200 kV, Hitachi). Fourier
transform infrared (FTIR) spectra were recorded on a Perkin Elmer GX
spectrophotometer scanning from 4000-400 cm-1 with a resolution of 8 cm-1.
Thermogravimetric analysis (TGA) was performed TA Instruments Q600. The samples
were heated from room temperature to 600°C at a rate of 10 °C min -1 in N2 first and then
hold at 600°C in Air for 30 minutes in Air and finally increased to 800°C at a rate of
10°C min -1. Optical absorption spectra were recorded on a Shimadzu UV2501-PC
spectrophotometer. Fluorescence spectra were measured on a Jobin-Yvon emission
spectrometer equipped with a 450 W xenon source, Gemini-180 excitation and Triax-550
emission monochromators, and a photon-counting detector (Hamamatsu R928P PMT at
950 V).
Synthesis of the carbon dots and P25/C-Dots composites
The carbon dots were synthesized by microwave-irradiation method with PEG as
the carbon source and surface functional groups. PEG1500 (1 g) was placed in a small vial,
and then inserted in a silica crucible casting dish (about 8 cm in diameter and 2.5 cm in
height) containing silicon carbide (50 g) in the traditional microwave. With 1000W
microwave irradiation for 10 minutes, the color of the reagent changed to black brown,
indicating the formation of carbon dots. The reaction product was collected and cooled to
the ambient temperature, and then dispersed in deionized water (10 mL) with vigorous
sonication. The resulting aqueous dispersion was used for further analysis.
The P25/C-Dot composites were obtained again by a microwave-irradiation
method. P25 particles were first selected by dispersed in H2O and then centrifuged to
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retain the supernatant to harvest the less-aggregated ones. Then the pre-selected P25
particles were mixed well with melt PEG1500 to get the homogeneous mixture. The
mixture was then subjected to the microwave-irradiation (in the silica crucible casting
dish) at power level at 1000w for 10 minutes. Afterwards, 10 mL water was added to the
suspension, and the resulting mixture was collected by centrifugation at 1000g for 10
minutes and then dialyzed against distilled water for 72 hours to get rid of the free PEG
and impurities.
3.1.3 Results and discussion
Preparation of Carbon dots generated from PEG 1500 and P25/C-Dot composites
Before the preparation of P25 TiO2/C-Dot composites, a quick exploration on
making carbon dots have been conducted. The various methods reported to synthesize
carbon dots can be classified by two categories. One is the deliberated functionalization
of carbon nanoparticles using different organic species or polymeric compounds. The
other, “one pot” synthesis forms the carbon core and the surface functional groups in one
step. In this “one pot” synthesis, various carbon-rich compounds/materials have been
used as the precursors, such as carbon hydrates, polymers, biomass and different kinds of
organic species. Here we choose PEG1500 as the carbon source as well as the surface
passivation agents to prepare carbon dots in one step utilizing microwave irradiation,
which is known as to be a facile, easy and cheap synthesis method. When PEG1500 was
thermally processed with microwave irradiation under the power level of 1000 W for 10
minutes, the precursor PEG changed from colorless to dark brown, indicating the
formation of carbon dots (donated PEG-CDots). The irradiation process involves thermal
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carbonization of the precursor PEG, with a portion being converted into carbon
nanoparticles and the remainder serving as surface passivation agents. As the powder XRay diffraction (XRD) of the PEG-CDots shown in Figure 3.2.1 indicates, the carbon
dots obtained are largely amorphous in nature with one broad diffraction peak around
21°.
The as-prepared PEG-CDots are readily soluble in H2O. The absorption spectrum
of carbon dots generated was recorded (shown in Figure 3.2.2) and compared with carbon
dots prepared from other methods, for example, EDA-carbon dots obtained from thermal
functionalization and PEI-carbon dots obtained via microwave irradiation as well as
carbon nanoparticles after acid treatment. The spectrum of PEG-CDots is rather similar to
those of carbon dots generated from other functionalizations, but it exhibits more
absorption in the region above 500nm, closer to the absorption of carbon nanoparticles.
This facile method to produce carbon dots samples provides the foundation for the
preparation of the composites.
The overall idea to prepare P25/C-Dot composites is shown in Figure 3.1.3.
Experimentally, commercially available P25 TiO2 nanoparticles were first dispersed in
H2O under sonication and then centrifuged to eliminate the aggregated nanoparticles but
to retain the well-dispersed ones. These P25 TiO2 nanoparticles were then mixed well
with melt PEG1500 (melting point around 60 °C) under sonication to obtain a
homogeneous mixture. Finally, the mixture was microwave irradiated at a power level of
1000W for 10 minutes to obtain the P25/C-Dot composites. It is expected that P25 TiO2
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Figure 3.1.1 Powder X-Ray diffraction (XRD) characterization of PEG-CDots.
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Figure 3.1.2 Absorption spectra of PEI-CDots, EDA-CDots, carbon nanoparticle, and
PEG-CDots.
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Figure 3.1.3 Cartoon illustration of the formation process of P25/C-Dots.
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will preferentially absorb the microwave energy, likely facilitating the surrounding PEG
molecules to convert to carbon domains on the surface of the TiO2 particles. After the
microwave processing, the composites were dispersed in H2O, followed by centrifugation
to harvest the well-dispersed P25/C-Dots. The sample was then dialyzed again fresh
water to get rid of the free PEG for further studies.
Powder X-Ray diffraction (XRD) measurement was first adopted to characterize
the P25/C-Dot nanocomposites. For comparison, the pristine P25 TiO2 nanoparticles
were also tested. The composite P25/C-Dots show two physico-chemically distinct
polymorphs, anatase and rutile, the same as neat P25 (shown in Figure 3.1.4). It is well
known that P25 is composed of anatase and rutile crystallites. The crystallite size of
pristine P25 TiO2 particles was measured to be 20.4±0.5 nm based on Sheller’s equation.
The crystal size of P25 TiO2 in the composites did not appear to change after microwave
irradiation, measuring 20.8±0.4 nm, suggesting no growth of the TiO2 crystals probably
due to the surrounding PEG molecules. There is no carbon peak exhibited in the
composites, suggesting that the carbon is likely amorphous in nature, as frequently
suggested in the literature on CDots.28-30
A SEM image was taken to provide the morphology information and the size of
the pristine P25 TiO2 nanoparticles. As can be seen in Figure 3.1.5, the particles were
spherical in shape, with some aggregated particles. The particle size measured
approximately 21nm, supported by the results from the XRD. The TEM images of the
composites show that the P25 particles were connected with the carbon domain as shown
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Figure 3.1.4 Powder X-Ray diffraction (XRD) characterization of P25 TiO2 and P25/CDot composites.

105

Figure 3.1.5 A SEM image of P25 (commercial TiO2) (left) and A TEM image of P25/C
dot composite.
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in Figure 3.1.5, again with the size measurement supporting the SEM and XRD results.
The carbon layer appeared to forme on the surface of the P25 particles, though the image
does not show that discrete individual P25 nanoparticles were evenly coated with a shell
of carbon as we original designed (in Figure 3.1.3); rather some P25 nanoparticles were
aggregated and functionalized by one or more PEG molecules. This may be due to the
fact that the P25 particles were aggregated in the powder form and were not fully
dispersed during the sonication process.
The powder sample of the P25/C-Dot composites was also characterized by FTIR spectroscopy in ATR mode to check the presence organic functional groups on the
surface of the P25 particles. The resulting spectra of P25, PEG1500 and P25/C-Dot
composites (shown in Figure 3.1.6) are presented in the range of 4000-500 cm-1. The IR
absorption peaks of the P25 TiO2, 672 and 601 cm-1 resulting from the Ti-O vibrational
mode, match with those reported in the literature.31-32 A comparison of the FT-IR spectra
of the P25 TiO2, PEG1500 and the composites attributes the absorption peaks around 2866
cm-1 to the C–H stretching, and peaks in the range of 1494-1374 cm-1 are due to the C-H
bending, absorption peaks around 1109 cm-1 to C-O stretching and the absorption peaks
around 1695 cm-1 to C=O stretching. It was observed that the spectra of the composites
are overall broadened compared to pure PEG molecules, and the newly formed C=O
functional groups together with the reduced absorption around 2866 cm-1 suggest that
PEG molecules were consumed and converted into carbon moieties in the carbonization
process.
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Figure 3.1.6 FT-IR spectra of P25, PEG1500 and P25/C-Dot composites.
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Thermogravimetric analysis (TGA) was conducted on both PEG1500 and the
P25/C-Dot composites to obtain the compositional information. For the pure PEG1500, the
analysis was conducted at a heating rate of 10 °C/min in the presence of N2
from 25°C to 800°C. As shown in Figure 3.1.7, the onset of the weight loss occurred at
approximately 320 °C, with bulk of the weight loss (around 96%) completed at
approximately 425 °C. To obtain the compositional information of the P25/C-Dot
composites, the sample was heated up to 600°C at a heating rate of 10 °C/min in the
presence of N2, then O2 atmosphere (breathing air) was applied to convert the carbon into
CO2. The TGA pattern of the P25/C-Dot composites (in Figure 3.1.6) indicate two
temperature regions of weight loss. The rapid weight loss in the first region (320-425 °C)
is similar to that of pure PEG1500, which may be attributed to the loss of functional groups
derived from PEG molecules or attached PEG molecules. The second weight loss (at 600
°C) is due to the formed “hard” carbon (exclusive of functional groups) formed on the
surface of TiO2 converting to CO2 in the presence of air. The residues after 600°C are the
P25 TiO2 components in the composite. Based on the TGA pattern, the carbon content in
the composites (excluding the functional groups on the surface) is approximately 30.4%.
The UV–visible spectra of the pure P25, PEG-CDots and P25/C-Dot
nanostructures dispersed in water are shown in Figure 3.1.8. As expected, the absorption
spectra of P25 exhibit only the fundamental absorption in the UV region, and there is no
meaningful absorption in the visible wavelengths. Notably, the curves of both PEGCDots and P25/C-Dot do show significant enhancement of light absorption at the
wavelength above 400nm. This extension of the absorption of the composites into visible
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Figure 3.1.8 Absorption spectra of P25 in aqueous suspension (-.-.-), PEG-CDots () and
P25/C-Dot composites. Fluorescence spectra of PEG-CDots (—) and P25/C dots (---)
with excitation at 400 and 440nm.

Table 3.1.1 Fluorescence quantum yield comparison of CDots and P25/C-Dot composites
Ex. wavelength(nm)
400

CDots
2.9%

P25/C-Dots
2.2%

440

2.0%

1.8%
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light may be due to the absorption from the CDots itself or from a joint electronic system
that formed between TiO2 and CDots, which resulted in synergistic properties. These
results indicate that CDots can be used for the sensitization of TiO2, effectively extending
the absorbance spectrum of TiO2 into the visible region.
Furthermore, the fluorescence properties of P25/C-Dot composites and the neat
CDots without the P25 were compared, their emission spectra, which did not show much
difference, overlapping at 400 and 440nm excitation wavelengths. However, the
fluorescence quantum yields of the P25/C-Dot decreased compared to the CDots, as
indicated in Table 1. The fluorescence emissions of the P25/C-Dot composites indicate
the charge carrier migration, transfer and separation, behaviors that be used to investigate
the fate of the photo-generated electrons and holes as the fluorescence emission comes
from the radiative recombination of the free carriers (electrons and holes). In this case,
with P25 incorporated with CDots, the composites show decreased fluorescence quantum
yield compared with neat CDots, suggesting that the excited states of CDots were
interrupted by the incorporation of P25 TiO2. Several studies in the literature also report
results that the fluorescent intensity of carbon dots decreased because of TiO2
incorporation. For example, Zhang et al. found that nitrogen doped CDots/TiO2 exhibited
much weaker fluorescence emission than the neat CDots without TiO2 under 420nm
excitation.33 As TiO2 itself has no or negligible emission under visible excitation, the
authors suggested that the recombination of photo-generated electrons and holes in
excited CDots is inhibited by TiO2 in the composites. They further pointed out that
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photo-generated electrons in excited CDots were injected into TiO2, making CDots act as
a role of photosensitizers in composite photocatalysts.
There have been other reports of using TiO2 as the photocatalysts in dye
degradation, energy conversion coupling with CDots for the benefit of visible light
absorption and better performance of the composites due to the suppression of electron
and hole recombinations.8, 25, 31 In addition, it has been reported that nanosized TiO2
exhibited better photoactivity because of the large surface area, meaning the aggregation
with the nanomaterials needs avoided. Introducing carbon dot inTO the composites can
help disperse TiO2, isolating each particle to avoid aggregation. Often reported in the
literature, the absorption in the visible range is still low, perhaps because of the undercarbonization of the precursor or the unsatisfactory interaction between TiO2 and the
carbon dots. In this work, much enhanced absorption found in the visible range of P25/CDot could potential be used for the photocatalysts or antibacterial agents. Some initial
results from out collaborators have shown promising antibacterial effect using the P25/CDot composites and further research is still undergoing.
3.1.4 Conclusion
In conclusion, P25/C-Dot composites were obtained via a facile microwave
irradiation method, with P25 particles as the seed for carbon domain forming on the
surface. Characterizations including XRD, TEM, FT-IR, and TGA provide the
morphology and structural details of the composites. By coupling the carbon dots with
P25 TiO2, the absorption of the composites extends into the visible range, with much
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enhanced visible absorbance, which exhibits promising applications for photocatalysis
and bacterial-killing effect under visible light irradiation.
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3.2 Carbon/TiO2 hybrid dots in different configurations – optical properties, redox
characteristics, and mechanistic implications
3.2.1 Introduction
Carbon “quantum” dots or carbon dots (CDots, Figure 1)1-3 have attracted much
recent attention for their interesting optical properties including especially the bright and
colourful fluorescence emissions,1,4,5 photoinduced redox characteristics and
photocatalytic activities,6-8 significant photodynamic effects,9-11 and the related potential
applications.12-18 In fact, CDots now represent a rapidly advancing and expanding
research field, as reflected by the large and ever increasing number of recent publications
in the literature.12-19
In a general definition, CDots are small carbon nanoparticles with various surface
passivation schemes (Figure 1). For the synthesis of CDots, the chemical
functionalization of pre-processed and selected small carbon nanoparticles with organic
molecules has been an effective method since the inception of this research field,1
producing CDots of excellent fluorescence performance and related photoexcited state
properties.4,20,21 Such a synthesis, commonly referred to as the deliberate chemical
functionalization method, yields CDots that should structurally adhere more closely to the
general definition (Figure 1). However, even in CDots produced by the more popular
carbonization synthesis, often in “one-pot” from a variety of organic precursors,22-24 the
general definition on CDots is still applicable such that in those dots on average the
nanoscale carbon domains produced in the carbonization are passivated by organic
species survived from the one-pot processing.5 The same structural arrangements and
understanding may be extended to carbon-based hybrid nanostructures, specifically

120

Figure 3.2.1 Cartoon illustrations on CDots (left), CTiO2-Dots (middle), C/TiO2-Dots
(right).
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hybrid dots of carbon and metal oxides, with similar passivation by organic species.25-29
Among nanoscale metal oxides for the hybrid CDots, TiO2 as a very well established
semiconductor has been particularly popular.30-32
There may be different arrangements between the carbon and TiO2 in a hybrid
nanostructure, and also additional variations associated with the organic species for the
passivation function, resulting in potentially dramatically different optical properties and
redox characteristics. For example, small carbon nanoparticles could be surface-coated
with a relatively small amount of TiO2 and functionalized by organic molecules for
hybrid CDots, denoted as CTiO2-Dots (Figure 1).20 These hybrid dots were found to be
more fluorescent than their neat counterparts, and the observed high fluorescence
quantum yields of the CTiO2-Dots have been rationalized as being due to combined
surface passivation effect on the core carbon nanoparticles by both the coated TiO2 and
the organic functionalization.20
In a different synthesis approach, hybrid dot structures of carbon with TiO2 were
prepared in carbonization processing of organic precursors in the presence of TiO2
nanoparticles.15,33-35 Among representative investigations, Vasei, et al. used emulsion
polymerization of acrylonitrile around TiO2 nanoparticles, followed by thermal
carbonization of the resulting polyacrylonitrile for the desired structure of TiO2
nanoparticles each with a carbon shell.33 Wang, et al. prepared heterostructures of TiO2
with carbon by using vitamin C as precursor for carbonization, and in their processing
interactions between titanium ions in TiO2 and hydroxyl groups in vitamin C were
exploited for the anchoring of the precursor to the TiO2 surface.34 Since CDots have been
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demonstrated for their serving as relatively effective photocatalysts in some of the
toughest energy conversation reactions, such as the visible light-driven photocatalytic
CO2 reduction and water-splitting,7,8,36 there have been significant interests in the
introduction of TiO2 into CDots for potentially enhanced photocatalytic performance.8,15
Xie, et al. used CDots to sensitize TiO2 in composites for water-splitting under visible
light irradiation, with the results suggesting significantly improved efficiencies.37 Zhang,
et al. combined CDots with TiO2 nanorods by their assembly into microspheres for
enhanced photocatalytic activities.38 As a generalization, the carbon-TiO2 hybrid dots of
different compositions and configurations prepared by various carbonization processing
protocols may be considered and denoted as C/TiO2-Dots (Figure 1). The available
experimental results suggest that the C/TiO2-Dots may have significantly different
excited state properties and processes not only from those of the CTiO2-Dots (Figure 1),
but also among themselves due to varying compositions and nanoscale configurations.
In this work, carbon-TiO2 hybrid dots in structurally different configurations or
arrangements between the carbon and TiO2 domains in the core nanoparticles of the dots
were prepared. These hybrid dots were characterized and evaluated for their optical and
photoinduced redox properties, with their significant differences identified and discussed.
Also discussed are mechanistic implications of the results and also issues on further
development of the hybrid dots in reference to the dye-sensitized TiO2 concept and
systems already widely adopted in the literature.
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3.2.2 Experimental Section
Materials. The carbon nanopowder sample and O,O’-bis(3-aminopropyl)
polyethylene glycol (PEG1500N, average molecular weight ~1,500) were purchased from
Aldrich. Nitric acid (60-70%), ethanol (>99%), sodium dodecyl sulfate (SDS, 99%) were
obtained from VWR, Ti(OC2H5)4 (>97%) from Alfa Aesar, and polyethylene glycol
oligomers (PEG1500, average molecular weight ~1,500) from Fluka. N,N-diethylaniline
was acquired from Avocado, and 2,4-dinitrotoluene from TCI. Silicon carbide powders
(120 Grit) were supplied by Panadyne Abrasives, and the dialysis membrane tubings
(molecular weight cut-off ~500 and ~2,000) by Spectrum Laboratories. Water was
deionized and purified by being passed through a Labconco WaterPros water purification
system.
Measurement. UV/vis absorption spectra were recorded on a Shimadzu UV2501PC spectrophotometer. Fluorescence spectra were collected on a Horiba Jobin-Yvon
emission spectrometer equipped with a 450 W xenon source, Gemini-180 excitation and
Triax-550 emission monochromators, and a photon counting detector (Hamamatsu
R928P PMT at 950 V). Fluorescence quantum yields were calculated against 9,10bis(phenylethynyl)-anthracene in hexane as standard. Fluorescence decays were
measured by time-correlated single photon counting (TCSPC) technique on a Horiba
Ultima Extreme spectrometer equipped with a SuperK Extreme supercontinuum laser
source pulsed at 10 MHz, TDM-800 excitation and TDM-1200 emission
monochromators, a R3809-50 MCP-PMT detector operated at 3.0 kV in a
thermoelectrically cooled housing, and FluoroHub A+ timing electronics. FT-IR spectra
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were obtained on a Shimadzu IRAffinity-1S spectrophotometer equipped with the Single
Reflection ATR accessory for solid samples. Powder X-ray diffraction measurements
were performed on a Rigaku Ultima IV X-ray diffractometer with Cu Kα radiation (λ =
1.5418 Å) at 25 °C. Transmission electron microscopy (TEM) images were acquired on a
Hitachi H-9500 high-resolution TEM system and a Hitachi HD-2000 S-TEM system. The
latter was also used for the in-situ energy dispersive X-ray spectroscopy (EDS) analysis.
The TEM specimen was prepared by depositing a few drops of a dilute sample solution
onto silicon-based grids, followed by the removal of solvent via evaporation. The
thermogravimetric analysis (TGA) was performed on a TA Instruments Q600 machine.
The inductively coupled plasma mass spectrometry (ICP-MS) analysis of titanium was on
a Thermo Scientific X series II instrument.
CTiO2-Dots. The as-supplied carbon nanopowders (1 g) were refluxed in an
aqueous nitric acid solution (5 M, 100 mL) for 24 h. After being cooled to ambient
temperature, the strongly acidic suspension was centrifuged at 1,000 g to retain the
supernatant, and dialyzed (molecular weight cut-off ~500) against fresh water. The
resulting aqueous suspension was evaporated to remove water to obtain the surfaceoxidized carbon nanoparticles.
A clear solution of Ti(OC2H5)4 (2.868 g) in a mixture of ethanol (51 mL), water
(0.43 mL), and nitric acid (0.16 mL) was prepared. To an aliquot (50 mL) of the solution
was added the treated carbon nanoparticles (200 mg), and the mixture was sonicated for 1
h, stirred for 12 h, and then filtrated. The filter cake was grounded and annealed at 250 °C
for 1 h to obtain a solid sample. A portion (50 mg) of the sample was dispersed in an
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aqueous SDS solution (1 wt%, 120 mL) under sonication for 30 min, followed by
filtration. The filter cake was washed with water several times, and then dried. The solid
sample thus obtained was mixed well with PEG1500N (1 g), and the mixture was heated to
110 °C and stirred at the temperature for 72 h under nitrogen protection. The reaction
mixture was cooled back to ambient temperature, and dispersed in water (15 mL). The
dispersion was centrifuged at 20,000 g to retain the supernatant as an aqueous solution of
the CTiO2-Dots.20
C/TiO2-Dots. Ti(OC2H5)4 (2.868g), ethanol (51 mL), water (0.43 mL), and nitric
acid (0.16 mL) were mixed, and the mixture was transferred to a Teﬂon-lined autoclave
for the treatment at 180 °C for 12 h. Upon being cooled back to ambient temperature, the
milky reaction mixture was washed with ethanol and H2O three times to obtain the TiO2
nanoparticles.
The TiO2 nanoparticles were dispersed in ethanol, and the dispersion was mixed
well with the oligomeric PEG1500 under sonication, followed by nitrogen purging to
remove the ethanol. The resulting solid-state mixture in a glass vial was immersed in a
silicon carbide bath (about 8 cm in diameter and 2.5 cm in height, containing about 50 g
silicon carbide) for thermal treatment in a conventional microwave oven at 1,000 W. The
degree of carbonization and thus the carbon content in the core carbon nanoparticles of
the hybrid dots (excluding the carbons in the surface PEG moieties) was varied by
adjusting the TiO2/PEG1500 ratio in the precursor mixture for the microwave treatment
and the treatment time. Specifically, a mixture of TiO2 (40 mg) and PEG1500 (1 g) was
treated with microwave irradiation at 1,000 W for 7 min. The reaction mixture was
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cooled to ambient temperature and dispersed in deionized water (10 mL), followed by
dialysis (molecular weight cut-off ~2,000) against fresh water to obtain the C/TiO2-Dots
of 29 wt% carbon and 71 wt% TiO2. In a somewhat different procedure, a mixture of
TiO2 (40 mg) and PEG1500 (2 g) was treated with microwave irradiation at 1,000 W for 12
min, followed by allowing the sample to cool down, and then further microwave
irradiation at 1,000 W for 12 min. The sample was dispersed in deionized water (10 mL),
and similarly dialyzed to obtain the C/TiO2-Dots of 69 wt% carbon and 31 wt% TiO2.
The carbon contents in the core carbon nanoparticles of the dots were estimated by TGA
with the experimental condition of first heating to 600 °C at a rate of 10 °C/min in
nitrogen flow, holding the temperature constant at 600 °C for 30 min in air flow, and then
heating to 800 °C again at a rate of 10 °C/min.
3.2.3 Results and Discussion
Carbon-TiO2 hybrid dots in two rather different configurations were prepared for
a comparative study of their optical and other properties. In one configuration denoted as
CTiO2-Dots (Figure 1), the carbon nanoparticle cores in CDots were coated (or more
appropriately considered as “doped” because the carbon particle surface may not be
entirely or even substantially covered) with only a small amount of TiO2.20 The other
configuration, denoted as C/TiO2-Dots (Figure 1), was obtained such that the preprepared and selected small TiO2 nanoparticles were composited with nanoscale carbon
and functionalized by organic species in controlled carbonization reactions.
The CTiO2-Dots were prepared by following the procedure reported previously.20
Among key steps in the synthesis was the doping of pre-processed and selected small
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carbon nanoparticles with TiO2. Briefly, a commercially acquired sample of carbon
nanopowders was refluxed in aqueous nitric acid for purification and particle surface
oxidation, coupled with dialysis to remove oxidized impurities. In the subsequent
separation of the aqueous dispersed carbon nanoparticles by centrifugation, smaller
nanoparticles retained in the supernatant were harvested. For the doping, a mixture of
titanium ethoxide, ethanol, nitric acid, and water was prepared, and to the mixture were
added the small carbon nanoparticles with sonication. Upon further sonication and then
stirring for an extended period of time for the purpose of hydrolyzed titanium salts being
deposited or adsorbed onto the carbon particle surface, the sample was annealed at 250
°C to obtain the TiO2-doped carbon nanoparticles. The nanoparticles were then reacted in
the melt of the oligomeric polyethylene glycol diamine (PEG1500N),20,39 and the reaction
mixture was cleaned in a combination of centrifugation and dialysis to obtain the targeted
CTiO2-Dots in an aqueous solution. According to thermogravimetric analysis (TGA)
coupled with inductively coupled plasma (ICP) quantification of Ti, the average TiO2
content in the TiO2-doped core carbon nanoparticles was 1-1.5 mol% in the CTiO2-Dots.
The UV/vis absorption spectrum of the CTiO2-Dots is shown in Figure 2. The same
as what was reported previously,20 the spectrum exhibits an absorption shoulder around
430-440 nm. In the previous study,20 the observation that the excitation into the
absorption shoulder resulted in particularly bright fluorescence emissions in the green
was rationalized as being due to special surface passivation effect by a combination of the
doped TiO2 and the organic species (the attached PEG1500N). Since then, the special
surface passivation effect has been found in some CDots without any doping by TiO2 or
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other nanoscale semiconductors,5,40 though these new results do not diminish the role of
the doped TiO2 in the CTiO2-Dots to enhance the fluorescence performance. In fact, the
fluorescence brightness was found to be dependent on the experimental conditions used
in the doping of the small carbon nanoparticles with TiO2, but an understanding toward
the establishment of predictable correlations between the doping experiments and the
fluorescence properties of the resulting CTiO2-Dots still remains a challenge. The CTiO2Dots selected for spectroscopy investigations in this work had fluorescence quantum
yields around 30% in the green (440 nm excitation). Also shown in Figure 2 are observed
fluorescence spectra at two representative excitation wavelengths.
For the other configuration of the hybrid dots, C/TiO2-Dots (Figure 1), small TiO2
nanoparticles were prepared from titanium ethoxide in a hydrothermal processing,
modified somewhat from what was reported in the literature.41 Under the controlled
processing conditions, the sample of TiO2 nanoparticles with average sizes of 7.8±0.4 nm
in diameter was obtained and used for further processing, where the particle sizes were
estimated in terms of the Scherrer equation on the broadening in powder X-ray
diffraction peaks (Figure 3).
The TiO2 nanoparticles were dispersed in ethanol and mixed well with the
oligomeric polyethylene glycol (average molecular weight ~1,500, PEG1500) with
sonication for an apparently homogeneous suspension. The carbonization processing was
based on microwave irradiation, for which the rationale was such that the TiO2
nanoparticles would preferentially absorb the microwave energy to become hot spots,
thus facilitating the thermal carbonization of the surrounding PEG1500 species for the
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Figure 3.2.2 Absorption (ABS) and fluorescence (FLSC, with excitation at 440 nm: -..-..and 500 nm: -.-.-) spectra of the CTiO2-Dots in aqueous solution.
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desired hybrid dot structures. The as-processed sample was cleaned via dialysis to yield
the C/TiO2-Dots in aqueous dispersion. The dispersion was solution-like and stable with
respect to precipitation over an extended period of time (6 months or longer), generally
different from what have been reported in the literature on carbon-TiO2 composites,34,37,38
thus enabling more quantitative investigations on their optical and related properties. By
varying the PEG1500/TiO2 ratio in the precursor mixture and microwave processing
conditions, two C/TiO2-Dots samples with different TiO2 contents of about 31 wt% (6.3
mol%) and 71 wt% (27 mol%) in the core nanoparticles of the dots (excluding the
carbons in the surface PEG moieties) were prepared for characterization and subsequent
investigations. For comparison, CDots in a similar configuration but without TiO2,
referred to as PEG-CDots, were prepared in the same microwave processing.
Powder X-ray diffraction results for the C/TiO2-Dots show similar diffraction
pattern and peak broadening to those of the TiO2 nanoparticles (Figure 3), as expected.
Since the microwave irradiation could in principle increase the crystallinity in the TiO2
nanoparticles, the lack of changes in the peak broadening in the X-ray diffraction of the
C/TiO2-Dots may be explained such that the particles were already crystalline before the
carbonization processing. The carbon domains in the C/TiO2-Dots must be largely
amorphous for the absence of any meaningful carbon-related diffraction peaks.
Transmission electron microscopy (TEM) images for the C/TiO2-Dots (Figure 4)
are apparently dominated by the TiO2 nanoparticles for their much higher Z-contrast due
to titanium. The average size and size distribution obtained from the TEM images of the
TiO2 nanoparticles (Figure 4) pretty much match those estimated from the peak
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Figure 3.2.3 X-ray powder diffraction patterns of the TiO2 nanoparticles (bottom) and the
C/TiO2-Dots with 71 wt% TiO2 (upper), and their agreement with the standard diffraction
pattern of anatase TiO2.
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Figure 3.2.4 A representative TEM image of the C/TiO2-Dots with 71 wt% TiO2. Inset: A
statistical analysis of the size distribution based on multiple TEM images of the sample.
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broadening in the X-ray diffraction patterns (Figure 3). The well dispersion of the TiO2
nanoparticles in the TEM images may imply that the C/TiO2-Dots were similarly well
dispersed. As the basis for the C/TiO2-Dots, the co-localization of the TiO2 nanoparticles
and carbon domains is supported by the energy-disperse spectroscopy (EDS) mapping
results (Figure 5).
FT-IR spectra of the hybrid dots are compared with those of the PEG-CDots and
PEG1500 molecules in Figure 6. For the two C/TiO2-Dots samples, the broad peaks around
650-600 cm-1 may be assigned to Ti-O stretch vibrations, as similarly assigned in the
literature,42 and these peaks are mostly absent in the spectrum of the CTiO2-Dots,
consistent with the rather low TiO2 content in the latter (less than 1.5 mol% in the core
nanoparticles, as discussed above). It is interesting that all four dot samples exhibit
absorption features in the carbonyl region around 1,700 cm-1 (Figure 6). For the CTiO2Dots, such features might not be surprising because the carbon nanoparticles used for the
coating/doping by TiO2 were surface oxidized in the treatment with nitric acid. However,
the other three dot samples were prepared in the microwave-assisted thermal
carbonization processing, so that the significant absorption features around 1,700 cm-1
might be considered as evidence for the formation of carbonyl moieties in the dot
structure under the carbonization processing conditions.
Optical absorption spectra of the C/TiO2-Dots (Figure 7) in the visible spectral
region must be due to the carbon domains because the absorption cut-off of TiO2
nanoparticles is in the UV. This was made more evident by the agreement of these
absorption spectra with that of the aqueous dispersed small carbon nanoparticles (Figure
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Figure 3.2.5 A TEM image in the Z-contrast mode (upper left) and the EDS mapping
results on titanium (upper right), oxygen (lower left), and carbon (lower right) for the
C/TiO2-Dots with 71 wt% TiO2.
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Figure 3.2.6 FT-IR spectra of the CTiO2-Dots (A), PEG-CDots (B), C/TiO2-Dots with 31
wt% TiO2 (C) and 71 wt% TiO2 (D), and PEG1500 (E).

136

1.0

FLSC
440 nm
FLSC
500 nm

Absorbance

0.8

0.8

0.6

0.6

0.4

0.4
ABS

0.2

0.2

0.0

0.0
400

500

600

Normalized Fluorescence

1.0

700

Wavelength (nm)
Figure 3.2.7 Absorption (ABS) and fluorescence (FLSC, with the excitation wavelengths
shown) spectra of the C/TiO2-Dots with 71 wt% (——) and 31 wt% (-..-..-) TiO2, and the
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nanoparticles (∙∙∙∙∙∙∙) is also shown for comparison.
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7). Between the two C/TiO2-Dots samples, while their absorption spectral profiles were
essentially the same, their absorbances were found to be proportionally different with
respect to the carbon contents in the cores of the C/TiO2-Dots.
Fluorescence emission spectra of the two C/TiO2-Dots samples in aqueous
solutions are also shown in Figure 7, which are both similar to the spectrum of the PEGCDots. However, these carbon-TiO2 hybrid dots are obviously less fluorescent than their
neat counterpart, with observed quantum yields of about 1% for the C/TiO2-Dots of 31
wt% TiO2 and about 0.6% for the C/TiO2-Dots of 71 wt% TiO2 vs the yield of 3% for the
PEG-CDots. The lower quantum yields in both C/TiO2-Dots samples and the relatively
even lower in the sample with more TiO2 suggest the likely role of TiO2 in the hybrid
dots as quencher for the emissive excited states of the carbon domains. In fact, the
quenching should be expected because configuration-wise the C/TiO2-Dots are
equivalent to dye-sensitized semiconductors (TiO2), with the carbon domains serving the
dye function for photon-harvesting in the visible spectral region. What might be
considered surprising is that the fluorescence emissions are not diminished even with the
TiO2 being in such close contact with the carbon domains in the hybrid dots. One
explanation may be that the carbon domains are substantial in size, not a thin coating on
the surface of the TiO2 nanoparticles. By considering in a first approximation the hybrid
dot structure as a sphere with a TiO2 nanoparticle core (about 8 nm in diameter) and a
carbon shell, the estimated shell thickness would be about 0.8 nm for the 71 wt% TiO2
content and about 3 nm for the 31 wt% TiO2 content in the C/TiO2-Dots. In the actual dot
structure the carbon domains are probably not nearly as uniform as a shell, and as a result
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the quenching effect by the embedded TiO2 nanoparticles could be nearly quantitative for
some parts of the carbon domains and not so much for other parts, with the observed
lower fluorescence quantum yields representing averages for the samples.
The major difference in fluorescence performance between different arrangements
of carbon and TiO2 in the dots, the CTiO2-Dots vs the C/TiO2-Dots (Figure 1), may reflect
the different functions of the TiO2 in these hybrid nanostructures. In the former, the
relatively small amount of TiO2 on the surface of carbon nanoparticles (probably
concentrated at the surface defect sites) serves the function of a “co-surface passivation
agent” to enhance the passivation effect by the organic functionalization molecules, thus
higher fluorescence quantum yields.20,39 On the other hand, the TiO2 nanoparticles in the
C/TiO2-Dots are conceptually and practically similar to those in the dye-sensitized TiO2
systems,43-46 serving as the recipient of the photon energies originally harvested by the
dye sensitizer, here the carbon domains in the hybrid CDots.
Fluorescence decay results (Figure 8) suggest that the difference in decays among
the different hybrid dots is much less significant than the difference in fluorescence
quantum yields. Such an apparent decoupling between fluorescence lifetimes and
quantum yields has been found in other CDots and dot configurations,40,47,48 which has
been explained in terms of essentially a three-state scheme with two excited state
processes that are fast (less than 100 ps) and slow (on the nanosecond time scale) and
corresponding to yields Φ1 and Φ2, respectively.40,48 The steady-state measurements for
quantum yields may capture both processes, with observed fluorescence quantum yields
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Figure 3.2.8 Fluorescence decay curves (440 nm excitation and 525 nm emission) and the
deconvolution fits with a two-exponential function for the CTiO2-Dots (A), PEG-CDots
(B), and C/TiO2-Dots with 31 wt% TiO2 (C) and 71 wt% TiO2 (D) in aqueous solutions.

140

ΦF = Φ1Φ2,40,48 while time-resolved measurements on the nanosecond time scale (Figure
8) are limited only to the second process represented by Φ2.
CDots are known for their characteristic photoinduced redox properties, serving
as both excellent electron acceptors and donors.6,15 In this study, the hybrid dots and
PEG-CDots were evaluated for their photoinduced electron transfer properties in
fluorescence quenching experiments with N,N-diethylaniline (DEA) and 2,4dinitrotoluene (DNT) as electron donating and accepting quenchers, respectively, in
methanol solutions. As a reference, the fluorescence quenching results for the PEGCDots (Figure 9, Table 1) are largely the same as those of other CDots in the
literature,6,48,49 as expected. Also might be expected are the fluorescence quenching
results for the CTiO2-Dots (Figure 9, Table 1), whose photoinduced electron transfer
characteristics are similar to those of neat CDots without any TiO2, as again the relatively
small amount of TiO2 serves only the function of enhancing surface passivation. With the
estimated average fluorescence lifetimes τF° of 5.4 – 8.6 ns (Figure 8) for these dots, the
Stern-Volmer constants (KSV, Table 1) for DEA and DNT quenchers correspond to
diffusion rate constants kq (KSV/τF°) of 2.2×109 M-1s-1 and larger (Table 1), suggesting
diffusion control. However, despite their photoinduced redox characteristics of serving as
both excellent electron acceptors and donors, CDots are generally much more effective in
donating electrons.15,48,49 Except for the C/TiO2-Dots with 71 wt% TiO2, the seemingly
abnormally large kq values (Table 1) beyond diffusion control for the quenching by DNT
are rationalized as being due to a larger quenching radius than the dot radius when the
dots are serving as electron donors,48,49 demonstrating their extraordinary electron
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Table 3.2.1 Quenching Results from Stern-Volmer Plots.
KSV (M-1)

kq (M-1s-1)

Dot Sample

DNT

DEA

DNT

DEA

PEG-CDots

64

28

9.6×109

4.2×109

CTiO2-Dots

68

21

7.9×109

2.4×109

C/TiO2-Dots (31 wt% TiO2)

67

22

9.5×109

3.1×109

C/TiO2-Dots (71 wt% TiO2)

14

12

2.6×109

2.2×109

142

donating ability. Such ability is apparently dampened by the substantial presence of TiO2
in the C/TiO2-Dots with the higher TiO2 content (Figure 9, Table 1), probably due to the
competing quenching effect by the embedded TiO2.
The results presented and discussed above have demonstrated clearly that in the
carbon hybrid dots with TiO2, the structural configuration on the arrangement between
the carbon and TiO2 domains in the core nanoparticles of the dots plays a critical role in
the dots’ optical and photoinduced redox properties. Generally on carbon-TiO2 hybrid
nanostructures, one would expect their properties to be similar to those found in dyesensitized TiO2 systems,43-46 namely for the carbon domains to serve the dye function of
photon-harvesting in the visible spectral region where TiO2 nanoparticles have no
absorptions, and for the harvested photon energies to subsequently sensitize the TiO2 in
the hybrid dots. However, such an expectation is obviously not generally applicable to
carbon-TiO2 hybrid dots, again depending fundamentally on the configuration of the
carbon and TiO2 domains in the dots. In the CTiO2-Dots, the small amount of TiO2
coated/doped at the various surface sites of the carbon nanoparticles is likely insufficient
in terms of quenching the photoexcited states of the carbon nanoparticles (or for their
being sensitized if viewed from the opposite angle). Instead, the coated/doped TiO2 is
more likely a part of the surface passivation schemes for the carbon nanoparticles, in
conjunction with the organic functional molecules, to result in much enhanced
fluorescence emissions in the CTiO2-Dots. Also consistent with the excited state properties
are their redox characteristics as reflected in the redox quenching results. Thus, the CTiO2Dots may simply be considered as a class of high-performance CDots, though the
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Figure 3.2.9 Stern-Volmer plots on the quenching of fluorescence quantum yields (440
nm excitation) by DEA (triangle) and DNT (circle) for the PEG-CDots (upper left),
CTiO2-Dots (upper right), and C/TiO2-Dots with 31 wt% TiO2 (lower left) and 71 wt%
TiO2 (lower right) in methanol solutions.
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mechanistic links between the participation of the TiO2 in the surface passivation
schemes and the obviously high performance of the resulting dots remain to be explored
in further investigations.
In a structurally different or almost reversed configuration between the carbon
and TiO2 domains in core nanoparticles, with essentially TiO2 nanoparticles coated with
carbon domains in the C/TiO2-Dots, there seems indeed the kind of behavior of dyesensitized TiO2 systems, especially when the TiO2 content is higher. This is also
supported by the results on the redox quenching of fluorescence emissions in these hybrid
dots. Further investigations to look more closely into the functions of the sensitized TiO2
(with the photon energies initially harvested by the carbon domains in the dots) will
prove interesting and valuable to many related applications.
3.2.4 Conclusion
Carbon-TiO2 hybrid dots in different structural configurations are apparently
rather different in their optical properties and photoinduced redox characteristics. In the
configuration of small carbon nanoparticles each coated/doped with only a small amount
of TiO2, the role of TiO2 is simply a co-surface passivation “agent” and apparently an
effective one. On the other hand, the hybrid dots of TiO2 nanocrystals each composited
with nanoscale carbon domains may be considered as being similar to dye-sensitized
semiconductors, with the carbon domains serving the dye functions for the harvesting of
visible photons, thus more relevant to various energy conversation uses. The results offer
insights into the mechanistic relationships between the hybrid nano-
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structures/configurations and optical/redox properties, which should be valuable to the
further exploration of carbon-metal oxide hybrid dots and their applications.
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a b s t r a c t
Semiconductor quantum dots (QDs) are known for their unique optical properties. In recent years, carbon nanomaterials of surface and/or structural defects have been found to exhibit similar properties after
functionalization in various schemes. Among these carbon-based QDs are carbon dots, which are generally deﬁned as small carbon nanoparticles with surface passivation. In fact, carbon dots now represent a
rapidly advancing and expanding research ﬁeld. As measured by the optical properties of carbon dots, the
most effective passivation has been the surface functionalization of carbon nanoparticles with organic
or polymeric molecules, corresponding to much brighter ﬂuorescence emissions across the visible spectrum and extending into the near-IR. Therefore, carbon dots have been pursued extensively for potential
bioimaging and other biomedical applications. The mechanistic framework for carbon dots includes photoinduced redox processes, similar to those found in conventional semiconductor QDs. As a result, carbon
dots have also been pursued for their photocatalytic functions. In this article on surface-functionalized
carbon nanoparticles or carbon dots, their representative syntheses and demonstrated properties and
their potential uses as high-performance yet nontoxic ﬂuorescence probes for bioimaging in vitro and
in vivo are highlighted, so is their serving as potent photocatalysts in energy conversion applications.
© 2016 Elsevier B.V. All rights reserved.

∗ Corresponding author. Tel.: +86 28 85522269.
∗∗ Corresponding author. Tel.: +1 937 255 6935.
∗ ∗ ∗Corresponding author. Tel.: +1 864 656 2585.
E-mail addresses: yangst@pku.edu.cn (S.-T. Yang), christopher.bunker@wpafb.af.mil (C.E. Bunker), syaping@clemson.edu (Y.-P. Sun).
http://dx.doi.org/10.1016/j.ccr.2016.02.017
0010-8545/© 2016 Elsevier B.V. All rights reserved.

G.E. LeCroy et al. / Coordination Chemistry Reviews 320-321 (2016) 66–81

1. Introduction
Quantum dots (QDs) were originally deﬁned as semiconductor nanocrystals of physical dimensions smaller than the exciton
Bohr radius for the quantum conﬁnement effect. Because of the
quantum conﬁnement, there is a predictable dependence of the
energy gap on the nanocrystal dimension in QDs, as manifested
by the corresponding variations in optical properties [1–3]. More
speciﬁcally, the systematic changes in the beautiful ﬂuorescence
emission colors in semiconductor QDs such as CdSe of different
sizes have generated much excitement in the research community,
with extensive investigations on a variety of potential applications, especially as superior ﬂuorescence probes for imaging and
other biomedical applications [4,5]. In fact, the rationale for the
use of QDs over organic dyes is now generally accepted in the literature [4,5]. Similarly bright and colorful ﬂuorescence emissions
have been found in other nanomaterials containing no conventional
semiconductors, and those ﬂuorescent nanomaterials are often
referred to, more phenomenologically perhaps, as QDs as well,
despite in most cases the absence of any classical quantum conﬁnement effect. Among more popular and promising recent additions
to the loosely deﬁned QD family are carbon-based QDs, including
carbon dots (Fig. 1) [6,7], graphene quantum dots [8,9], nanodiamonds [10,11], and “carbon nanotube quantum dots” [12,13]. For
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most of these QD-resembling carbon nanomaterials, surface functionalization is important or critical as in the case of carbon dots
[14]. This is also phenomenologically similar to that in conventional
semiconductor QDs, such as the surface capping of CdSe with ZnS
for substantial performance improvements, despite the obvious
mechanistic differences.
Carbon dots, generally deﬁned as small carbon nanoparticles
with various surface passivation schemes (Fig. 1) [6,7], have been
leading the recent emergence of various carbon-based QDs, and
now represent a rapidly advancing and expanding research ﬁeld
[15–21]. As measured by the optical properties of carbon dots,
the most effective passivation scheme has been the surface functionalization of carbon nanoparticles with organic or polymeric
molecules, corresponding to much brighter ﬂuorescence emissions
across the visible spectrum and extending into the near-IR [22,23].
In fact, ﬂuorescence emissions from “naked” (no deliberate surface
passivation) carbon nanoparticles in aqueous or organic suspensions have been reported in the literature, but the quantum yields
are generally low to very low [24,25]. It may be argued that the
surface passivation effect is provided by the solvent molecules in
the suspensions [26]. The same dramatic surface passivation effect
resulting in substantially enhanced optical properties has also
been reported for graphene quantum dots [27–29]. Since passivation is on defects, improving defect-derived or dominated optical

Fig. 1. Upper and middle: Cartoon illustrations used in the literature [22,84] on a carbon dot, generally a small carbon nanoparticle core with attached surface passivation
molecules (equivalent to a soft corona). Lower: Fluorescence color variations in carbon dots corresponding to the indicated excitation wavelengths [6]. Reprinted with
permission from the cited refs.
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properties, it has been suggested that most graphene quantum
dots of surface passivation for enhanced ﬂuorescence emissions
are essentially carbon dots of a more graphitic carbon core [14].
Therefore, in this article the focus will be on carbon dots that
are surface-functionalized carbon nanoparticles, including their
representative syntheses and demonstrated properties and their
potential uses as high-performance yet nontoxic ﬂuorescence
probes for bioimaging in vitro and in vivo and also as potent photocatalysts in energy conversion applications.
2. Carbon dots—Syntheses and properties
Carbon dots (Fig. 1, also referred to in some literature as carbon
quantum dots or C-Dots) were found originally for their bright and
colorful ﬂuorescence emissions (Fig. 2) [6,7]. Therefore, the ﬂuorescence brightness across the visible and near-IR spectral regions has
been a focus of the synthesis to produce carbon dots of the desired
performance.
2.1. Functionalization of carbon nanoparticles
The original synthesis of carbon dots was based on the surface
functionalization of small carbon nanoparticles with organic and
polymeric molecules in established chemical reactions [6,7]. Such
a deliberate functionalization approach with carbon nanoparticles
as precursors has yielded some of the best-performing carbon dots
in terms of their ﬂuorescence brightness or quantum yields [22,23].
For example, Wang et al. functionalized small carbon nanoparticles
from laser ablation production with the oligomeric PEG diamine
(PEG1500N ) for carbon dots of multicolor ﬂuorescence emissions,
particularly bright in the green [22]. The carbon nanoparticles were
treated with nitric acid, which introduced oxidative moieties on the

particle surface. The surface-bound carboxylic acid groups were
targeted for the attachment of PEG1500N molecules under classical amidation reaction conditions. The as-prepared sample mixture
was further processed by separation on an aqueous gel column,
from which the most ﬂuorescent fraction exhibited a quantum yield
close to 60% (excitation at 440 nm and emissions centered around
520 nm, Fig. 2) [22]. The ﬂuorescence performance of the PEG1500N carbon dots is competitive to that of the commercially available
CdSe/ZnS QDs both in solution and at the individual dot level for
the same green spectral region (Fig. 2) [30]. In another study [31],
Sun et al. demonstrated that a combination of surface doping with
a wide-bandgap semiconductor such as ZnS or ZnO and PEG1500N
functionalization could substantially improve the ﬂuorescence performance of the resulting carbon dots, denoted as CZnS -Dots or
CZnO -Dots, respectively. Anilkumar et al. applied the same aqueous gel column separation protocol to the as-prepared CZnS -Dots
and CTiO2 -Dots samples, and harvested the most ﬂuorescent fractions from the separation that exhibited quantum yields in the same
green spectral region (excitation at 440 nm and emissions centered
around 520 nm) up to 78% [23].
The carbon nanoparticles used in the deliberate functionalization could come from different sources, such as the electrochemical
exfoliation of graphite precursors reported by Li et al. [32]. The
electrolysis was carried out in an amino-terminated ionic liquid,
from which carbon dots were harvested. In some studies, carbon
nanoparticles were produced from the carbonization of a carbonrich precursor, followed by surface passivation with organic species
[33–36]. For example, Choi et al. carbonized ␣-cyclodextrin for
small carbon nanoparticles, which were functionalized by a PEG
diamine and then formic acid. Even with the use of two surface passivation agents, the resulting carbon dots were not very ﬂuorescent,
with relatively low quantum yields even in the UV region [36].

Fig. 2. Upper-left: Absorption (ABS) and ﬂuorescence (FLSC) spectra of PEG1500N -carbon dots (- - -) are compared with those of Invitrogen “QD525PEG” QDs ( ) in aqueous
solutions (relative FLSC intensities normalized to per dot) [22]. Upper-Right: Photos under sunlight for solutions of the carbon dots and ﬂuorescein (70–90% in ﬂuorescence
quantum yield) [22]. Lower: Fluorescence microscopy images (458 nm excitation) of individual carbon dots (left) are compared with those of Invitrogen “QD525PEG” QDs
(right) [30]. Reprinted with permission from the cited refs.
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Fig. 3. Representative schemes for the synthesis of carbon dots with the use of microwave irradiation (Upper: Ref. [45]; Lower: Ref. [47]). Reprinted with permission from
the cited refs.

Rednic et al. functionalized pre-selected and processed carbon
nanoparticles with poly(N-vinylcarbazole) (PVK) thermochemically, which represents essentially a hybrid approach combining
the deliberate functionalization discussed above with the carbonization processing detailed in the next section [37]. The
PVK-carbon dots thus prepared were used in the fabrication of ﬂuorescent PVK/carbon dots nanocomposites without introducing any
unwanted agents or “impurities”.
2.2. “One-pot” carbonization syntheses
There have been a large number of reports on methods for the
preparation or formation of carbon dots that share a common feature: the carbonization of organic or other carbon-rich/containing
precursors often in “one-pot” processing [15–21]. These syntheses are generally different from the deliberate functionalization
approach such that the carbon core is formed in the carbonization
processing, though the use of carbon nanoparticles as precursors in
thermochemical functionalization may be considered as a hybrid
method in which some features of the one-pot carbonization synthesis are incorporated [37]. An early example for the one-pot
synthesis was due to Peng and Travas-Sejdic, who prepared carbon dots by the dehydration of carbohydrates with strong acids
and the passivation with 4,7,10-trioxa-1,13-tridecanediamine [38].
The carbonization synthesis has been extremely popular, with
hundreds of literature reports on a wide variety of combinations
between the carbon precursor, passivation agent, and processing
scheme [15]. Particularly stunning has been the use of unusual or
even bizarre precursors in the carbonization synthesis, such as hair
[39], goose feathers [40], shrimp egg [41], kitchen waste [42], cow
manure [43], or even human urine [44]. While there is nothing
unique about the carbon dots prepared with many of these selected
precursors, the diverseness does suggest that carbon dots are not
so “picky” with respect to the purity or exact composition of the
underlying dot materials beyond the predominating carbon content. This is probably due to the fact that the photoexcited state
properties of carbon dots are dictated by defects [14].

Generally speaking, the one-pot processing is convenient and
versatile, but less controllable, yielding carbon dots of widely varying optical properties and performances [15]. Among the primary
processing methods have been microwave irradiation, hydrothermal treatment, and thermochemical carbonization, for which
some representative literature reports are highlighted as follows:
Microwave irradiation is relatively simple and quick, thus quite
popular [45–48]. For example, Zhu et al. made carbon dots by heating a solution of saccharide and PEG in a microwave oven [45].
More recently, Liu et al. synthesized carbon dots of different ﬂuorescence colors by microwave processing of poly(ethylenimine)
(PEI) and PEI + glutaraldehyde (Fig. 3) [47]. Experimentally, PEI
was microwaved at 200 W (180 ◦ C) for about half an hour to
yield blue ﬂuorescent carbon dots (347 nm excitation and 464 nm
emission, and quantum yield ∼10%), while a mixture of PEI and glutaraldehyde (as a cross-linking agent) processed under the same
conditions resulted in yellow ﬂuorescent carbon dots (347 nm
excitation and 520 nm emission, and quantum yield ∼8%) [47]. Similarly, Lu et al. used a mixture of oxalic acid and urea as precursor
for carbonization by microwave (700 W for about 8 min) to obtain
blue ﬂuorescent carbon dots of a relatively high quantum yield [47].
In thermochemical processing, thermal energy instead of
microwave is used for the carbonization, or more accurately partial
carbonization similar to that with microwave irradiation discussed above, with the surviving part of the organic precursor
for passivation [49]. In the study by Stan et al. as an example, Nhydroxysuccinimide was thermally treated (180 ◦ C for about half
an hour) for one-pot formation of carbon dots with blue to green
ﬂuorescence emissions [50]. The processing temperature and time
were not sufﬁcient for a complete carbonization of the precursor N-hydroxysuccinimide, with the remaining organic species to
serve the function of passivation, as in many similar syntheses. In
other syntheses based on the same thermochemical approach but
with a slight yet signiﬁcant modiﬁcation to the precursor selection, multiple organic species in a mixture were used as precursor,
among which one was selected to be “sacriﬁced” in the carbonization [35,51,52]. For example, Dong et al. used a mixture of citric

70

G.E. LeCroy et al. / Coordination Chemistry Reviews 320-321 (2016) 66–81

acid and branched polyethylenimine as precursor for the one-step
carbonization synthesis of carbon dots, where the former was targeted more as the carbon source and the latter for the passivation
function [52].
Hydrothermal syntheses may be considered as a signiﬁcant
variation of the thermal processing discussed above, with the carbonization of organic precursor in an aqueous medium [53–55].
There have been a large number of such syntheses reported in the
literature [56–59], such as the earlier investigation by Yang et al.
in which carbon dots were obtained from the hydrothermal carbonization of chitosan [58], and the more recent study by Wang
et al. in which blue ﬂuorescent carbon dots were synthesized by
hydrothermal carbonization of milk [59]. There have also been
many reports on the use of multiple precursor organic species to
divide the roles of being the carbon source and the surviving moieties for passivation in the hydrothermal carbonization processing
[55,60–62].
The one-pot synthesis approach has been popular in the effort on
purposely introducing heteroatoms into carbon dots [63–66]. For
example, Wang et al. reported on the use of glutathione as nitrogenand sulfur-containing precursor for the thermal carbonization into
“nitrogen and sulfur co-doped carbon dots” (with nitrogen and sulfur contents of 16.1% and 2%, respectively) [66]. The processing
conditions were largely similar to those in other syntheses, simply
heating the solid-state precursor at 260 ◦ C for about an hour. Wang
and Zhou prepared “nitrogen-doped carbon dots” from milk [59].
Xu et al. synthesized blue ﬂuorescent “sulfur-doped carbon dots”
by hydrothermal treatment of sodium citrate solution and sodium
thiosulfate in various ratios. The heteroatom doping of carbon dots
apparently shares the same concept with that found in the similar
modiﬁcation of “graphene quantum dots” [54]. However, for carbon
dots there have been so many syntheses from almost all imaginable
organic, biological, and other precursor species containing a variety of heteroatoms as well as metals and other elements, and no
systematic property and/or optical performance variations could
be identiﬁed other than the conclusion that carbon dots are not
“picky” at all in terms of elemental compositions. The studies of purposely adding heteroatoms to carbon dots have not produced any
signiﬁcant evidence for altering the not-picky conclusion above.
Beyond microwave and thermal, electrochemical energies have
also been applied to the synthesis of carbon dots from various precursor species [32,67,68], as originally reported by Zhou et al. [25].

Fig. 4. Upper: A carbon dot with encapsulated species (host–guest carbon dot, left)
verses an endofullerene (right). Lower: TEM images (high-resolution in the inset) of
NB@CDots on silicon oxide-coated copper grid. Reprinted with permission from ref.
[73].

2.3. Host–guest carbon dots
Carbon dots from deliberate functionalization of small carbon
nanoparticles can be made brightly ﬂuorescent in the green spectral
region matching that of the green ﬂuorescence proteins, achieving
ﬂuorescence quantum yields easily higher than 50% at 400–450 nm
excitation [22]. They are also ﬂuorescent in the red to near-IR spectral regions, but the corresponding intensities and quantum yields
are progressively lower [6,69]. One-pot carbonization syntheses
generally yield carbon dots of relatively strong blue ﬂuorescence,
corresponding to near-UV excitation [70–72]. Those from speciﬁcally selected precursors can be ﬂuorescent at longer wavelengths,
but their quantum yields in the green and red spectral regions are
mostly lower to much lower than those of the high-performance
carbon dots from the deliberate functionalization approach. Therefore, the preparation of brightly red/near-IR ﬂuorescent carbon dots
with quantum yields into double digits in percentage still represents a major challenge, despite the extensive effort already made.
Beyond ﬂuorescence quantum yields, the optical absorptivity of
carbon dots decreases progressively with increasing wavelength
(Fig. 2), which also limits the performance of the carbon dots
as ﬂuorescence probes in the red to near-IR spectral range. As a
new strategy towards the desired ﬂuorescence probes with high

performance in the biologically signiﬁcant spectral window, Sun
et al. recently proposed and demonstrated the development of
host–guest carbon dots, which are conceptually similar to endohedral fullerenes (Fig. 4), to have red/near-IR ﬂuorescent species
enclosed in the dot structure [73]. In the reported study, ﬂuorescent
dyes cresyl violet, nile blue, and zinc pthalocyanine are selected as
guests.
As discussed in the previous section, the thermal carbonization
of organic precursors has been a popular approach for carbon dots,
in which a portion of the precursor organic species is converted
into carbon nanoparticles and the remaining serves the function of
surface passivation agents. In the synthesis with microwave irradiation, there is likely the initial creation of carbonized seeds for
their subsequent preferential absorption of the microwave energy
toward the formation of the targeted dot structure. The microwave
processing was used in the one-pot synthesis of the host–guest carbon dots, or G@CDots, where G denotes the guest ﬂuorescent dyes
cresyl violet (CV), nile blue (NB), and zinc pthalocyanine (ZnPc)
[73]. Experimentally for the synthesis of CV@CDots as an example, an ethanol solution of CV was mixed well with oligomeric
PEGs, followed by the removal of ethanol. The resulting mixture
was irradiated with microwave until the desired carbonization

G.E. LeCroy et al. / Coordination Chemistry Reviews 320-321 (2016) 66–81

71

design and synthesis of novel dot compositions and conﬁgurations
for expanded applications.
3. Optical bioimaging
Carbon dots as brightly ﬂuorescent nanoscale probes have been
pursued for their uses in ﬂuorescence imaging in vitro and in vivo,
yielding results that not only serve as the initial demonstration on
their widely predicted potential but also reveal some signiﬁcant
challenges for the further development effort [7,15,16,78].
3.1. Cell labeling/imaging

Fig. 5. The absorption (ABS) spectrum of CV@CDots (—) and corresponding ﬂuorescence (FLSC) spectra (excitation at 570 nm: —, 600 nm: -·-, and 620 nm: -··-) in
aqueous solution. The spectra of free CV (- - -) and carbon dots from the carbonization of PEG900 without any encapsulation (. .) in aqueous solutions are also shown for
comparison. Inset: Photographs of an aqueous solution of the sample under UV light
in the dark (left) and under natural day light (right). (CV = cresyl violet). Reprinted
with permission from ref. [73].

was reached. Since the hosting carbon dots are more transparent
in the red/near-IR, the observed absorption spectra are generally superpositions of the host and the guest dye species (Fig. 5).
According to atomic force microscopy (AFM) and transmission electron microscopy (TEM) results, these G@CDots synthesized from
thermal carbonization reactions were still relatively narrowly distributed. Most of the dots were small, with their overall size proﬁles
on the order of 10 nm or less (Fig. 4) [73].
Similar host–guest concept has been used for the encapsulation
of magnetic elements in carbon dots [45,55,74–77]. For example,
Bourlinos et al. synthesized a hybrid carbon nanostructure doped
with gadolinium to be used as ﬂuorescence–MRI dual-modality
bioimaging probe [74]. Similarly, Xu et al. synthesized gadoliniumdoped carbon dots from the hydrothermal carbonization of citric
acid in the presence of ethylene diamine, with citric acid also as
a strong chelating agent for gadolinium cations [55]. Gong et al.
also prepared gadolinium-containing carbon dots via one-step
microwave processing of a mixture of sucrose, sulfuric acid, diethylene glycol, and gadolinium chloride [45]. Kumar et al. applied a
sonochemical method to the synthesis of carbon dots with gallium
as guest, denoted as Ga@C-dots [76]. Experimentally, granule gallium was mixed with polyethylene glycol and sonicated at 50 ◦ C
with an ultrasonic transducer for about 2 h. The resulting Ga@Cdots were not so ﬂuorescent, with quantum yield ∼1% at 360 nm
excitation, though they were responsive to electron paramagnetic
resonance (EPR) for the purpose of photosensitization [76]. Guo
et al. synthesized Ni@C-dots in a two-step process, ﬁrst the hydrothermal carbonization of citric acid for carbon dots and then in
the second step the carbon dots were mixed with nickel chloride
and ethylene glycol, followed by the addition of hydrazine and
sodium borohydride and heating at 60 ◦ C. A characteristic feature of
the Ni@C-dots was the nearly complete quenching of ﬂuorescence
emissions [77].
The host–guest carbon dots with a guest list from metal ions to
organic dyes represent a highly versatile new platform in the development of carbon dots technology, promising great potential in the

Carbon dots are nontoxic to cells at concentration levels much
higher than those commonly used in ﬂuorescence labeling and
imaging [15,16,30,79]. As reported originally by Sun et al. [6], carbon dots were readily taken up by cells, residing primarily in the
cytoplasm, with only minor penetration into the cell nucleus. Many
subsequent studies have demonstrated similar cell internalization
of carbon dots [78,80–83], such as the work by Liu et al. in which
the imaging results showed efﬁcient uptake of carbon dots by
Escherichia coli and murine P19 progenitor cells [80]. Chen et al.
used carbon dots made from carbonizing sucrose with oil acid in the
imaging of 16HBE cells, and they found green ﬂuorescence emissions around the cell membrane and in the cytoplasm, but much
weaker ﬂuorescence in the cell nucleus [81]. More recently, Ruan
et al. investigated the subcellular distribution of carbon dots, which
were synthesized in the hydrothermal processing of spider silk [82].
The dots were found in the cytoplasm of U87 cells, but not in the
endosome or mitochondria. In contrast, according to Zhang et al.
[83], a conjugate containing Fe3 O4 and carbon dots could be used to
image the mitochondria in cells, with an enhanced cellular uptake
in a magnetic ﬁeld.
Carbon dots have extremely large two-photon absorption
cross-sections in the near-IR, on the order of at least 40,000
Goeppert–Mayer units (1 GM = 10−50 cm4 s/photon) [7]. The twophoton excitation in the near-IR results in bright visible
ﬂuorescence emissions, which makes carbon dots excellent twophoton ﬂuorescence probes [7,84]. Following the original report by
Cao et al. [7], Tong et al. used carbon dots with amino molecules as
surface passivation agent in the two-photon ﬂuorescence imaging
of HeLa cells [85]. In a similar study also on the imaging of HeLa
cells, Hu et al. prepared nitrogen-doped carbon dots from alkanolamines and found that the dots internalized in the cells could be
excited with two 760 nm photons for green ﬂuorescence emissions
[86].
There have been reports on carbon dots entering into the cell
nucleus [87–89]. For example, Shi et al. showed that the carbon dots
prepared from the hydrothermal carbonization of ﬂower petals
could be endocytosed into the cytoplasm and nucleus of A193 cells
[87]. Kong et al. used carbon dots prepared from reﬂuxing PEGs to
stain cell nucleoli, suggesting that the performance was competitive to that of commercial DNA-speciﬁc dyes [88]. Fan et al. used
similarly prepared carbon dots for two-photon ﬂuorescence imaging, showing that the dots could be found around the cell membrane
and in the nucleus of MCF-7 cells [89].
Carbon dots have also found uses in the ﬂuorescence labeling of stem cells. In the more recent study [74,84], Liu et al.
exploited the structural compactness of the short-chain PEG
diamine-functionalized carbon dots [69] for the imaging of SD
rat mesenchymal stem cells (MSCs). For both live and ﬁxed cells,
the carbon dots were found in the cell membrane and cytoplasm,
though the labeling efﬁciency was signiﬁcantly lower in the live
cells (Fig. 6). The difference was attributed to the cationic surface character of the carbon dots at the biological pH, which might
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Fig. 6. (Upper-left) Confocal ﬂuorescence images (458 nm excitation, 470–590 nm emissions) for HT-29 cells with PEG1500N -carbon dots. (Upper-right) Fluorescence images
with two-photon excitation (800 nm excitation, 470-590 nm emissions) for HT-29 cells labeled with PEG1500N -carbon dots. (Lower-left) Fluorescence images of ﬁxed stem
cells labeled with EDA-carbon dots. (Lower-right) merged (ﬂuorescence + bright-ﬁeld) images of live stem cells labeled with EDA-carbon dots. Reprinted with permission
from ref. [84].

be less favorable to the uptake by the live cells. According to the
results, the surface functionalities on carbon dots may play a signiﬁcant role in determining the cell labeling efﬁciency.
Another important role of the surface functionalities in carbon
dots is with their ready conjugation with species for speciﬁc targeting purposes [90–92]. For example, Yang et al. conjugated carbon
dots with nuclear localization signal (NLS) peptides for ﬂuorescence
imaging of MCF-7 and A549 cells [90]. While majority of the dots
were found in the cell membrane and cytoplasm, there was some
accumulation within the cell nucleus. Li et al. synthesized carbon
dots via the hydrothermal carbonization of glucose and sodium
polyacrylate, which were designed as turn-on ﬂuorescent probes
for cancer cells that over express folate receptors [91]. In another
study of targeting the folate receptors, Yang et al. prepared carbon
dots by microwave heating of a folic acid - urea mixture [92]. In a
comparison between HeLa cells and normal GES-1 cells, the carbon
dots were largely internalized by the former but not the latter with
the same incubation time, and the difference was rationalized by
the folic acid species on the dot surface targeting the cancer cells
[92].
In addition to mammalian cells, there have been recent studies on the use of carbon dots for ﬂuorescence labeling and imaging
of bacteria, fungi, and plant cells. For example, Nandi et al. used
amphiphilic carbon dots to stain and detect bacteria based on
ﬂuorescence intensities [93]. Kasibabu et al. showed that carbon
dots could stain bacterial (Bacillus subtilis) and fungal (Aspergillus
aculeatus) cells in both green and red ﬂuorescence colors [94]. In
similar studies [95,96], Mehta et al. used carbon dots to stain various bacteria (E. coli, Mycobacterium tuberculosis, and Pseudomonas
aeruginosa), yeast (Saccharomyces cerevisiae), and fungal (Magnaporthe oryzae). Jin et al. also stained fungal cells with carbon dots
[97]. For plant cells, Wang et al. prepared oligomeric poly(ethylene

glycol)-functionalized carbon dots to stain the onion epidermal
cells [98].
3.2. Fluorescence imaging in vivo
The nontoxic nature of carbon dots makes them particularly
valuable as probes for in vivo uses [15,99]. It was demonstrated
in the ﬂuorescence imaging experiments with mice that carbon
dots are competitive in performance to the commercially supplied
CdSe/ZnS QDs [99,100]. The in vivo evaluations have included the
use of different injection routes. For example, Yang et al. injected
carbon dots to the front extremity of mice to monitor their migration toward the axillary lymph node [99]. Following the same
concept, Wu et al. used carbon dots prepared from the carbonization of honey in the effort on contrast enhancement in the auxiliary
lymph node imaging [101].
Intravenous injection is important in investigations of pharmacokinetics and biodistribution, crucial to toxicological evaluations
and various biomedical applications of carbon dots. In the early
investigation [99], carbon dots were found to be excreted via urine
rather efﬁciently, without any major accumulation in the internal
organs, likely due to their small sizes (on the order of 5 nm in diameter) and high solubility. Nevertheless, in a more recent study Li et al.
managed to use intravenously injected carbon dots for ex vivo ﬂuorescence imaging of the slices from heart, liver, spleen, kidneys,
lungs, brain, and small intestine [78].
Signiﬁcant effort has been made to tailor carbon dots for
targeting tumors in vivo. For example, He et al. attached arginylglycyl-aspartic acid to carbon dots for the targeting of HeLa tumors
in mice [102]. Upon intravenous injection, ﬂuorescence signals
could be detected at the tumor site and in the bladder. The results
from the imaging of dissected organ specimens were similar, with
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Fig. 7. In vivo and ex vivo imaging of glioma-bearing mice intravenously administered with the pN-CNDs. (A–E) Whole body imaging of the pN-CNDs at various time points
post-injection. (F) Ex vivo imaging of major organs 90 min after pN-CNDs administration. (G) Coronal imaging of the brain 90 min after pN-CNDs administration. Black arrow
represents the signal intensity (radiant efﬁciency) from weak (red) to strong (yellow). Reprinted with permission from ref. [104].

only weak ﬂuorescence found in liver, heart, spleen, and kidneys,
consistent with the ﬁnding in the early study using carbon dots
without the speciﬁc targeting moieties [99,102]. Sharker et al. carbonized hyaluronic acid in a dehydration reaction with sulfuric acid
to yield two kinds of carbon dots, denoted as HA–FCN and FCN
in which the precursor hyaluronic acid was partially and nearly
completed carbonized, respectively, with the former upon intravenous injection exhibiting more accumulation at the tumor site
[103]. Wang et al. used carbon dots in the ﬂuorescence imaging
of glioma (Fig. 7) [104]. Fu et al. embedded carbon dots in silica
nanorattle to be used as ﬂuorescence probes for tumor imaging
[105].
Zhou et al. prepared cholera toxin B conjugated-carbon dots
(CTB-CDs) as a ﬂuorescent retrograde neural tracer [106]. Upon
the injection of CTB-CDs on the back of a mouse, blue ﬂuorescence
was recognizable. However, the desired noninvasive in vivo imaging was hindered by the strong autoﬂuorescence due to the short
excitation and emission wavelengths associated with CTB-CDs. For
ex vivo imaging, CTB-CDs were injected to the mid-thigh level of the
right sciatic nerve, and then the tissues were sliced. Strong ﬂuorescence signals from CTB-CDs were observed in the ipsilateral sciatic
nerve and the dorsal root ganglion (DRG) of the spinal segment
L5. L4 DRG neurons were also labelled with CTB-CDs. In the longitudinal section of the spinal cord, CTB-CDs-labeled neurons were
observed in the spinal segments L3–L5. The transverse section of
the spinal cord exhibited the CTB-CDs-labeled afferent terminals in
the dorsal horn of the L5 spinal segment and the CTB-CDs-labeled
motor neurons in the ventral horn. CTB-CDs could bind with high
afﬁnity to monoganglioside GM1, and were retrogradely transported from axonal terminals to neuronal soma within 4 days [106].
Ruan et al. compared “naked” carbon nanoparticles (∼122 nm in
diameter) and their PEGylated counterparts (∼140 nm in diameter) for heart imaging [107]. Upon intravenous injection, the former
exhibited a higher accumulation in heart than in other tissues of
liver, spleen, kidneys, lungs, and brain. For the latter, the accumulation in heart was lower, but still higher than that in other tissues
[107]. Also with the use of large carbon nanoparticles (67 nm) was
the work by Mukherjee et al. [108], in which the particles were incubated with pig skin to visualize the penetration. The 3D light sheet
ﬂuorescence images suggested that the particles only penetrated
to about 100 m in depth.

Carbon dots are generally more ﬂuorescent in the green than in
the red/near-IR, but the latter is more favorable to tissue transmittance in imaging applications. In the work by Huang et al. [109],
brightly green ﬂuorescent carbon dots were linked with the ﬂuorescence dye ZW800 for its strong emissions in the red/near-IR, and
the resulting probes were used for imaging in vivo and ex vivo. The
ZW800-linked carbon dots were efﬁciently and rapidly excreted
from the body after injection in different routes. Post intravenous
injection, there were some probes found in liver, spleen, and lungs
within an hour, and very bright ﬂuorescence was observed in kidneys and the urine excretion was conﬁrmed. All injection pathways
led to meaningful tumor uptakes [109]. For another conﬁguration
of the carbon dots–dye FRET probes to extend the emission color
to longer wavelengths, Huang et al. attached the ﬂuorescence dye
Ce6 to carbon dots to allow blue excitation (430 nm) and red ﬂuorescence emissions (668 nm) via FRET [110]. After intravenous
injection, the accumulation of the probes at the tumor site were
detected, and the laser excitation of the probes in the mice could
signiﬁcantly suppress the tumor growth [110].
There have been studies on the conjugation of carbon dots
with magnetic species for dual-modality imaging in vivo. Srivastava et al. fabricated iron oxide-doped carbogenic nanocomposite
(IO-CNC) for ﬂuorescence–magnetic resonance (MR) imaging [111].
After intravenous injection, spleen tissue samples were collected,
in which ﬂuorescence signals from IO-CNC were observed. Separately in the MRI imaging, there were enhanced signals in the brain
blood vessel under both T1 and T2 models [111]. More recently,
Xu et al. used gadolinium-in-carbon dots as probe for MRI study of
time-dependent biodistribution in mice [55].
Kang et al. used zebra ﬁsh as a model for the evaluation of
carbon dots [112]. Upon soaking for 3 h, the carbon dots entered
into embryos across the chorion and the germ ring. The ﬂuorescence imaging of the dots allowed the visualization of the embryo
development. Similarly, Fahmi et al. prepared phenylboronic acidmodiﬁed magneto-ﬂuorescent nano-probes, which consisted of
MnFe2 O4 nanoparticles conjugated to carbon dots, for the imaging
of zebra ﬁsh [113]. Strong ﬂuorescence emissions from carbon dots
were observed in the brain, nervous system, and muscles of the ﬁsh
embryo. Shi et al. hydrothermally treated petals to produce carbon
dots for the imaging of carp ﬁsh [87]. Yuan et al. used carbon dots
in the ﬂuorescence imaging of Caenorhabditis elegans [114]. After
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Fig. 8. (Upper) Confocal laser scanning microscopic images of Cy3-siRNA-Cdots@PEI complexes for 5 h and (lower) gene silencing efﬁciency of siRNA-Cdots@PEI complexes
against Survivin at (a) mRNA and (b) protein expression level. Reprinted with permission from ref. [125].

incubation, the C. elegans was homogenously labeled by the carbon
dots, with blue or green ﬂuorescence emissions corresponding to
different excitation wavelengths. Parvin et al. prepared carbon dots
that are polyelectrolyte-like for the imaging of Drosophila [115].
Drosophila melanogaster was incubated with the dots for the imaging at different developmental stages (larvae, pupa and adult). At
12-h post-incubation, for example, internal organs of larva could
be clearly recognized [115].
3.3. Theranostics
Beyond imaging, carbon dots have been studied for potential
uses in theranostics, namely for the concurrent effect of imaging and treatment such as drug delivery or photodynamic therapy
[116–126]. For example, Lai et al. prepared carbon dots from glycerol inside mesoporous silica nanoparticles for both ﬂuorescence
imaging and drug release [119]. Ding et al. synthesized carbon dots
in hydrothermal carbonization of DNA, and then loaded the anticancer drug doxorubicin (DOX) through presumably – stacking
interactions [120]. The drug-loaded carbon dots were incubated
with S. cerevisiae, and the results from microscopy imaging suggested intracellular drug release. Wang et al. also used carbon dots
to carry DOX for both imaging and delivery, with the imaging as
a tool for the evaluation of the delivery [121]. Carbon dots were
found in the cytoplasm of human breast cancer MCF-7, MDA-MB231, and BT-549 cells. However, the MTT assay results suggested
that the toxicity of the DOX carried by carbon dots was lower
than that of free DOX, which was attributed to the slow release
of DOX from carbon dots [121]. Matai et al. prepared a hybrid of
carbon dots and PAMAM dendrimer for the imaging and delivery of the anticancer drug epirubicin [122]. For both MCF-7 and

NIH 3T3 cells, the toxicity of the hybrid carried epirubicin was
somewhat lower than that of free epirubicin. Palashuddin et al. prepared carbon dots-like nanoparticles embedded with Cu2+ [123]. In
HeLa cells, blue ﬂuorescence from the nanoparticles was observed.
While the nanoparticles without Cu2+ were nearly nontoxic, they
apparently enhanced the toxicity of the embedded Cu2+ to HeLa
cells, for which a suggested possible mechanism was such that
the nanoparticles up-regulated the sub G1 population of cells and
induced apoptosis [123]. More recently, Cheng et al. conjugated carbon dots with polycation-b-polyzwitterion copolymers and used
the resulting conjugate as a serum-resistant gene delivery carrier
to be compared with the widely used carrier PEI25K [124]. The carrier was loaded with DNA vectors for green ﬂuorescent proteins
(GFP) and transfected into COS-7 cells at different serum concentrations. It was found that the carrier was better in performance than
PEI25K, especially at high serum concentrations [124]. Wang et al.
used carbon dots–polyethyleneimine complexes to deliver siRNA
to gastric cancer cells (Fig. 8) [125], while Hu et al. hydrothermally
carbonized polyethyleneimine into carbon dots for gene delivery
to take advantage of the dots being positively charged [126].
The photoactive nature of carbon dots makes photodynamic
therapy a natural choice for combination with ﬂuorescence imaging, and a number of studies have been reported for such an
approach in theranostics [36,127–129]. For example, Choi et al.
prepared carbon dots with both PEG diamine and folic acid as
surface passivation agents and then loaded with zinc phthalocyanine (ZnPc) for imaging and photodynamic therapy [36]. Upon
the incubation with HeLa cells, the ZnPc-loaded carbon dots were
internalized, exhibiting blue–green and red ﬂuorescence emissions
assigned to the carbon dots and ZnPc at 358 nm and 647 nm excitations, respectively. The cells were irradiated with 660 nm laser
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light (30 mW/cm2 ), which reduced the cell viability to 10% [36].
Kleinauskas et al. demonstrated that the silver-doped carbon dots
could serve as sensitizers in photodynamic therapy and radiotherapy [127]. Wang et al. prepared nanoparticles containing carbon
dots, Fe3 O4 , and gold for magnetic/near-IR-responsive drug release,
multicolor ﬂuorescence imaging, and photothermal therapy [128].
For the nanoparticles in B16F10 cells, blue, green, and red ﬂuorescence emissions could be detected with 405 nm, 488 nm, and
546 nm excitations, respectively, and the emissions were stable
under the imaging conditions. When the nanoparticles were used to
carry the anticancer drug DOX, the release was enhanced in a magnetic ﬁeld and by near-IR irradiation. Photothermal effect in the
nanoparticles was conﬁrmed, and its combination with the DOX
delivery and release resulted in a high toxicity against B16F10 cells
[128]. To take advantage of the large two-photon absorption crosssections of carbon dots, Wang et al. linked porphyrins to carbon dots
for the two-photon excitation of the dots at 700 nm and then energy
transfer (FRET) to the porphyrins for photodynamic effect [129].
The use of carbon dots as antioxidant in addition to ﬂuorescence imaging has also been pursued. For example, Das et al.
compared the antioxidant functions of carbon dots with those of
typical molecular antioxidants such as butylated hydroxytoluene
and l-ascorbic acid [130]. Similarly, Zhao et al. reported on the free
radical scavenging activity of carbon dots, which were prepared by
the hydrothermal treatment of garlic [131].
Among the studies on carbon dots for theranostics in vivo, Choi
et al. prepared PEGylated carbon dots with or without the functionalization of formic acid, and then loaded with zinc pthalocyanine
[36]. In the in vivo biodistribution and photodynamic therapy
experiments with tumor-bearing mice, ﬂuorescence signals from
the dots without formic acid were detected mainly in liver, much
weaker in kidneys, intestine, and spleen. For the dots with formic
acid, the ﬂuorescence results suggested an appreciable accumulation in the tumor. At 12-h post-injection, the irradiation with
660 nm laser (0.3 W/cm2 ) for 20 min resulted in a 4-time reduction
in the tumor volume [36]. Ge et al. used carbon dots for ﬂuorescence and photoacoustic detection and thermal theranostics in
mice (Fig. 9) [132]. After intravenous injection, ﬂuorescence from
the carbon dots could be detected in the tumor area. The imaging ex vivo suggested that the dots were mostly in the liver and
tumor, very minor in heart, spleen, and lungs. Photoacoustic signals were also found in the tumor area. The tumor site with the
dots was illuminated with a near-IR laser for 3 and 10 min, resulting
in temperature increases at the site to 50.4 ◦ C and 60 ◦ C, respectively. The photothermal therapy induced substantial empyrosis
and suppressed the tumor growth [132].
Liu et al. used the conjugate of carbon dots with ribonuclease
A for synchronous cancer imaging and therapy [133]. The conjugate could be found in both cell cytoplasm and the nucleus, and it
exhibited higher toxicity to MGC803 cancer cells than free ribonuclease A. Upon the intratumoral injection of the conjugate, bright
ﬂuorescence was detected at 10 min and 4-h post-injection, but
the signal decreased dramatically after 12 h [133]. Tang et al. prepared the conjugate of carbon dots with folic acid and the anticancer
drug DOX for theranostics [134]. Glomerular tissue incubated with
the conjugate was imaged by using a 3D two-photon ﬂuorescence
microscope to monitor the release of DOX.

4. Photocatalytic energy conversion
Carbon dots resemble conventional semiconductor QDs beyond
the similar bright and colorful ﬂuorescence emissions. They also
share the characteristic behavior of driving photocatalytic energy
conversion processes, such as the photoreduction of CO2 into small
organic molecules [135–137].
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4.1. Photoinduced redox processes
In the presently adopted mechanistic framework, the photoexcitation of carbon dots results in efﬁcient charge separation, with
the separated electrons and holes (or radical anions and cations
in a different description) trapped at various surface sites that
are passivated by the surface functionalization species, and the
radiative recombinations of the electrons and holes are responsible for the observed ﬂuorescence emissions (Fig. 10) [14,138].
This is in several respects similar to the photoexcited state mechanism in conventional semiconductor QDs [4,5]. The mechanistic
framework for carbon dots has been supported by experimental results [138–140], including especially those demonstrating
that photoexcited carbon dots are both excellent electron donors
and acceptors, with ﬂuorescence emissions quenched efﬁciently
by electron acceptor and donor molecules statically and dynamically in a diffusion-controlled fashion (Fig. 10) [138]. Within the
mechanistic framework, the ﬂuorescence quenching results could
readily be explained in terms of the electron acceptor or donor
quenchers scavenging the electrons and holes in carbon dots,
respectively, thus disrupting the radiative recombinations (Fig. 10).
In a subsequent investigation using the same electron acceptor
and donor quenchers as those in ref. 138 2,4-dinitrotoluene and
N,N-diethylaniline, respectively, Zhang et al. performed ﬂuorescence decay measurements to have the results conﬁrm the redox
processes in photoexcited carbon dots [139]. More recently, there
was a study based on transient absorption spectroscopy to probe
more directly the redox species and processes associated with photoexcited carbon dots [141]. Triethanolamine (TEOA) and methyl
viologen (MV2+ ) were used as electron donor and acceptor, respectively, for redox interactions with the carbon dots.
In other recent studies, Mondal et al. synthesized hydrophobic
carbon dots via thermal carbonization of glucose in the presence
of dodecylamine, and then loaded cyclometalated complexes of
Ir(III) and Rh(III) onto the dot surface in a nonpolar solvent gradient [142]. Upon photoexcitation of the carbon dots loaded with
the metal complexes, there was ﬂuorescence quenching, more signiﬁcant at a higher loading of the metal complexes. The quenching
was attributed to electron transfer or more speciﬁcally hot electron
injection from the metal complexes into the excited carbon dots
[142]. Mondal et al. also used amino acids as precursor for carbon
dots, with dot surface protected by surfactants of different chain
lengths from 12 to 16 carbons [143]. The ﬂuorescence emissions of
these carbon dots were quenched by dimethylaniline as electron
donor. A somewhat surprising observation was that the quenching
efﬁciency was higher for carbon dots protected by a longer chain
surfactant [143]. In a similar study of photoinduced electron transfer, Gao et al. found that ﬂuorescence emissions of the carbon dots
could be quenched by Fe(III) [144].
The surface-bound electrons generated from the photoexcitation of carbon dots could be used to reduce metal ions in solution
to result in the coating of the carbon dots with the corresponding
metal [140,145]. For example, the photoirradiation of carbon dots
in an aqueous solution of gold compound was used to deposit
gold metal on the dot surface, which was accompanied by an
extremely efﬁcient static quenching of ﬂuorescence emissions
[140]. Since the metal is electron afﬁnitive, it takes electrons
from the attached carbon dots, thus disrupting the radiative
recombinations. The photo-reductive deposition of a noble metal
on carbon dots has valuable applications, such as much improved
photocatalytic functions [146,147]. Choi et al. also exploited the
same processing to decorate the surface of carbon dots with plasmonic silver nanoparticles for hybrid nanostructures of enhanced
light harvesting capability in optoelectronic devices (Fig. 11) [145].
The observation on effective quenching of ﬂuorescence in carbon
dots by the presence of silver was also reported [148]. Similarly,
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Fig. 9. (a) Real-time in vivo red FL images after i.v. injection of C-dots in nude mice at different time points; (b) PA images of tumors in mice after i.v. injection with C-dots at
different time points; (c) intensities of the mean signal and maximum mean signal of the ROI at different time points (0–24 h) after i.v. injection; (d) PTT change in temperature
at the mice tumor sites as a function of irradiation time; (e) IR thermal imaging of intratumoral C-dots injected mice tumor sites at 0, 1, 3, 6, and 10 min after irradiation
by 671 nm laser at 2 W cm−2 ; (f) Photographs of the tumor-bearing mice on different days after different treatments; and (g) relative change in the tumor volume of the
tumor-bearing mice of the different groups after treatments (n = 5, P < 0.05 for each group). Reprinted with permission from ref. [132].

Mazzier et al. exploited the electron-donating character of photoexcited carbon dots to grow silver nanoparticles on the surface
of carbon dots [149]. The results again served as experimental
evidence for the availability of photo-generated electrons in carbon
dots that could be harvested for reduction or other productive
purposes.
4.2. Photocatalytic functions
One of the most challenging yet rewarding photocatalytic
processes for energy conversion is the reduction of CO2 into
small molecular fuels, with solar radiation in particular. Semiconductor nanomaterials, including especially colloidal TiO2 have

traditionally been employed as photocatalysts in the relevant reactions. However, TiO2 nanoparticles and other semiconductor QDs
for such a purpose are absorptive only or mostly in UV, inefﬁcient
in the harvesting of solar photons, so that a number of strategies
to extend the absorption into the visible spectrum have been pursued [150]. Carbon dots are broadly absorptive over the UV and
visible spectral regions, extending into the near-IR, with a signiﬁcant overlap with the solar spectrum (Fig. 12). The photoexcitation
in carbon dots drives the excited state redox processes, which are
not only responsible for the observed ﬂuorescence emissions but
also make the associated electrons and holes available for the catalytic energy conversion reactions, including the CO2 reduction
[147].
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Fig. 10. Middle: A cartoon illustration of the mechanistic framework on photoexcited state processes in carbon dots (with the rainbow color showing ﬂuorescence from
radiative recombinations of the electrons and holes). Left: Stern–Volmer plots for the ﬂuorescence quenching by electron donor N,N-diethylaniline (DEA); and Right: by
acceptor 2,4-dinitrotoluene at different excitation wavelengths. Reprinted with permission from ref. [147].

It has been demonstrated that carbon dots with surface passivation by amino or other molecules are capable of serving as
photocatalysts with broad-band visible excitation for CO2 reduction in aqueous solution (Fig. 13) [135,137]. Experimentally, the
carbon dots were irradiated with light over a broad visible spectral range (405–720 nm) in an aqueous solution saturated with CO2
(or NaHCO3 as the CO2 source), with the reduction monitored by
the detection and quantiﬁcation of formic acid as a major product. The formic acid formation was apparently signiﬁcant, around
40 mol g−1 h−1 , better than the performance with the use of

colloidal TiO2 (Degussa P25) as photocatalyst and UV irradiation [137]. The results of photocatalytic CO2 conversion have also
contributed to the understanding of the mechanistic framework,
providing valuable experimental evidence for the photo-generated
redox species in carbon dots, as already suggested by the ﬂuorescence quenching results (Fig. 10) [138,140,145]. Similarly of
mechanistic values was the much improved photocatalytic performance of the carbon dots after the photo-deposition of gold
on the dot surface (Fig. 13) [33,135,137], which in terms of the
mechanistic framework must be due to the concentration of

Fig. 11. Schematic illustration and characterization of CD-Ag nanoparticles. (a) Images and schematic illustration of AgNO3 and carbon dot (CD) + AgNO3 blend solutions
before (left) and after (right) ultraviolet irradiation; (b) HR–TEM image of CD–Ag nanoparticles (NPs). Yellow and red circles indicate the presence of carbon dots and
silver nanoparticles, respectively. The two parallel lines in yellow and red show the distinguishable lattice fringes (3.2 Å and 2.1 Å) of carbon dots and silver nanoparticles,
respectively. Scale bar, 5 nm; and (c) Comparison of UV–vis absorption spectra of CD–Ag nanoparticles in solution and in a ﬁlm, and carbon dot and AgNO3 solutions after
ultraviolet irradiation. Reprinted with permission from ref. [145].
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Fig. 12. The observed absorption spectrum of broadly distributed carbon dots in
aqueous solution (solid line) compared with the solar spectrum at the sea level
(dashed line). Reprinted with permission from ref. [147].

the photo-generated electrons by the gold metal [150]. For the
gold-coated carbon dots as photocatalysts in an aqueous solution
saturated with CO2 and the photoirradiation with light over a broad
visible spectral range, the estimated quantum yield for the conversion to formic acid was ∼0.3% [135]. This likely underestimated
the actual overall quantum yield for the CO2 photocatalytic reduction because there are other photoproducts in addition to formic
acid.
The relatively efﬁcient conversion to formic acid is in itself a
reﬂection on the effectiveness of the metal-coated carbon dots

as photocatalysts. Beyond formic acid, other photoproducts have
been identiﬁed, in which the characterization and quantiﬁcation of
acetic acid are particularly signiﬁcant [136], as the photoreduction
of CO2 to acetic acid requires overall eight electrons, regardless of
mechanistic details [150]. In fact, the proposed mechanisms in the
literature on the conversion to acetic acid had to invoke the involvement of other small organic molecules as intermediate products,
especially methanol [136,150–152]. Therefore, not only the overall
CO2 conversion quantum yields must be higher than that for only
the formic acid formation, but also the results on acetic acid and
methanol as other signiﬁcant products in addition to formic acid
suggest that carbon dots represent uniquely potent broad-band
visible-light photocatalysts for the CO2 conversion.
Other noble metals have been used to coat carbon dots, and the
resulting “hybrid nanostructures” have exhibited similarly potent
photocatalytic functions. For example, the results from the use of
platinum-coated carbon dots as photocatalysts in the CO2 conversion were largely the same as those with their gold-coated
counterparts [135]. Li et al. prepared nanocomposites of carbon
dots with Cu2 O as visible-light photocatalysts for the conversion
of CO2 into methanol [153]. The photoinduced redox properties
of the carbon dots/Cu2 O nanocomposites were examined in the
ﬂuorescence quenching study with the known electron acceptor 2,4-dinitrotoluene and electron donor N,N–diethylaniline as
redox quenchers [153]. The quenching results suggesting the presence of photo-generated redox species in the carbon dots/Cu2 O
nanocomposites were used to justify their photocatalytic functions
in the CO2 conversion. The proposed mechanism was such that the
visible-light excitation of Cu2 O produces electron-hole pairs, with
the electrons consumed for the CO2 reduction and the holes transferred to the surface of the carbon dots for the oxidization of H2 O
into O2 [153].

Fig. 13. Cartoon illustrations on (upper) the high-pressure optical reactor; (lower-left) the photoreductive doping of the carbon dot with gold, completely quenching the
dot surface-based ﬂuorescence (illustrated as the change of the dot surface from rainbow to grey); and (lower-right) the gold-doped carbon dot as photocatalyst for CO2
conversion, where the doped gold (in yellow) was small in quantity, insufﬁcient to form a shell, and likely random in terms of size and shape. The sacriﬁcial electron donor
was isopropanol added in some experiments or PEG1500N molecules on the surface of the carbon dots in the absence of isopropanol. Reprinted with permission from ref.
[136].
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Fig. 14. Results in terms of formic acid concentrations in the reaction mixtures from
a series of photoconversion reactions in aqueous solution of the carbon dots under
different CO2 pressures (in the long-path optical cell as the high-pressure reactor).
Reprinted with permission from ref. [136].

Particularly interesting and consequential results on the use
of carbon dots and their metal-coated hybrid nanostructures as
photocatalysts for the CO2 conversion have been the obviously signiﬁcant dependence on CO2 concentration in the aqueous solution
[136], which is rather unusual because photocatalytic reactions are
generally independent of reactant concentrations. The observation
was such that the product yields, the production of formic acid
in particular (Fig. 14), increased substantially with the increasing
CO2 concentration [136]. Experimentally, the CO2 concentration
variations were achieved with varying CO2 pressures over an
aqueous solution in a high-pressure optical cell, with the golddoped carbon dots as photocatalysts and broad band visible-light
excitation for the photoreduction. The formic acid production
obviously increased more signiﬁcantly with the increasing CO2
pressure (Fig. 14) and thus correspondingly increasing CO2 concentration in the aqueous solution. At 1900 psia (about 1.37 M
CO2 in the solution), for example, the amount of formic acid
was more than an order of magnitude higher than that produced under ambient CO2 pressure. Since all other experimental
conditions of the photoreduction reaction were kept the same
except for the CO2 pressure and corresponding concentration in
the aqueous solution, the number of photons harvested by the
carbon dots as photocatalysts should be constant. Therefore, the
observed increase in formic acid production at the high CO2 pressure must be a reﬂection of the same magnitude of increase
in the reaction quantum yield for this photoproduct [136]. This
would put the performance level of the carbon dots-derived photocatalysts with broad-band visible-light (405–720 nm) excitation
much beyond the state of the art [146]. The results on the CO2
concentration dependence also have signiﬁcant mechanistic implications. Technologically, the aqueous solution under pressurized
CO2 conditions may represent an ideal reaction setting for much
more efﬁcient CO2 photocatalytic conversion into small organic
molecules.
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characteristics of this research ﬁeld, recent trends, and possible
future directions are summarized as follows.
There have been a disproportionally large number of publications on the synthesis of carbon dots, mostly by a partial
carbonization of a variety of carbon-rich or carbon-containing precursors. The relevant methods are generally simple and versatile,
but the resulting carbon dots have yet to reach the performance
levels achieved by carbon dots obtained from the deliberate functionalization of carbon nanoparticles, and an understanding of the
structural details in the dots from the carbonization synthesis still
presents a signiﬁcant challenge. Hybrid approaches that combine
the deliberate functionalization concept with the facile carbonization processing may prove valuable in the versatile and efﬁcient
preparation of carbon dots with different surface functionalities
and in large quantities.
The increasing amount of experimental evidence for the nontoxic nature of carbon dots will have far-reaching implications in
their further development, stimulating more explorations that target in vivo and ex vivo uses in biology and medicine. In addition to
the ﬂuorescence imaging emphasized in this review, carbon dots
have also been explored for their electrochemiluminescence properties [154–156] targeting related imaging applications [157,158].
With the performance benchmarks already achieved, carbon dots
are expected to ﬁnd biomedical applications that have been widely
pursued in the research ﬁeld of semiconductor QDs. Special opportunities are in those imaging-sensing and related uses that require
human interactions, in vivo, ex vivo, food, water, and so on, to take
advantage of the unique attributes of carbon dots as being highperformance yet benign and nontoxic. Signiﬁcant advances in areas
such as carbon dots as a new platform for multi-modality imaging
agents and for combining imaging with drug delivery and therapy
may be envisaged.
Beyond bioimaging and theranostics, there has been increasing recent attention on the photocatalytic functions and related
properties of carbon dots. Carbon dots have also been explored for
photoelectrochemical [159,160] and optoelectronic applications
[145,161,162]. These are hardly surprising considering the fact that
carbon dots share some of the key mechanistic steps with conventional semiconductor QDs, namely carbon dots are essentially
nanoscale semiconductors in many respects. Therefore, it may be
expected that investigations into the relevant photoinduced redox
properties of carbon dots and their uses in photocatalytic, photoelectrochemical, and optoelectronic processes and devices will
continue and be expanded signiﬁcantly.
Lastly, there have been some confusions on the relationships
between different carbon-based QD-like nanomaterials, carbon
dots vs graphene quantum dots in particular [14,147]. While such
confusions may take some time to resolve, there is the prospect for
a uniﬁed and mechanistically consistent understanding of these
nanomaterials when more experimental as well as theoretical
results become available. As a takeaway from this article, it is
the surface functionalization of carbon nanoparticles that makes
carbon dots and their associated superior optical and other properties, and the same functionalization effect is apparently evident in
the ﬁeld of graphene quantum dots (and their various structurally
heteroatom-doped derivatives [147]), likely a reﬂection of their
shared mechanistic origins. Further investigations are obviously
needed.
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Enhanced fluorescence properties of carbon dots
in polymer films†
Yamin Liu,a Ping Wang,a K. A. Shiral Fernando,*b Gregory E. LeCroy,a
Halidan Maimaiti,a Barbara A. Harruﬀ-Miller,b William K. Lewis,c
Christopher E. Bunker,*c Zhi-Ling Houa and Ya-Ping Sun*a
Carbon dots of small carbon nanoparticles surface-functionalized with 2,2 0 -(ethylenedioxy)bis(ethylamine)
(EDA) were synthesized, and the as-synthesized sample was separated on an aqueous gel column
to obtain fractions of the EDA–carbon dots with different fluorescence quantum yields. As already discussed in the literature, the variations in fluorescence performance among the fractions were attributed
to the different levels and/or effectiveness of the surface functionalization–passivation in the carbon
dots. These fractions, as well as carbon nanoparticles without any deliberate surface functionalization,
were dispersed into poly(vinyl alcohol) (PVA) for composite films. In the PVA film matrix, the carbon dots
and nanoparticles exhibited much enhanced fluorescence emissions in comparison with their
corresponding aqueous solutions. The increased fluorescence quantum yields in the films were
determined quantitatively by using a specifically designed and constructed film sample holder in the emission
spectrometer. The observed fluorescence decays of the EDA–carbon dots in the films and in the solution were
essentially the same, suggesting that the significant enhancement in fluorescence quantum yields from the
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solution to films is static in nature. Mechanistic implications of the results, including a rationalization in terms of
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embedded in the more restrictive film environment resulting in more favorable radiative recombinations of the
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carbon particle surface-trapped electrons and holes, and also potential technological applications of the
brightly fluorescent composite films are highlighted and discussed.

the compression effect on the surface passivation layer (similar to a soft corona) in carbon dots when

Introduction
Optical properties of carbon nanomaterials have attracted much
recent attention because of their variety of potential technological
applications, from optoelectronics, bioimaging and sensing, to
photocatalysis for energy conversion. Most of these materials are
fluorescent over the visible spectrum, extending into the near-IR.
More specifically, carbon ‘‘quantum’’ dots or carbon dots were
found and developed as a new class of brightly fluorescent
nanomaterials,1,2 with their performance competitive to that of
conventional semiconductor quantum dots (QDs) yet nontoxic
and environmentally benign.3–5 In fact, carbon dots have
emerged to represent now a rapidly advancing and expanding
a
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research field, as reflected by the large number of recent
publications in the literature, with extensive investigations
looking into many aspects of carbon dots for both fundamental
and technological purposes.3–16
Carbon dots are generally defined as small carbon nanoparticles
with various surface passivation schemes, including especially
the surface functionalization by organic and bio-molecular
species (Fig. 1).1,6,14,17,18 While fluorescence emissions from
‘‘naked’’ carbon nanoparticles (without any deliberate surface
functionalization) in aqueous or other suspensions have been
observed and reported,19–23 their intensities are low, with
observed quantum yields generally on the order of 1–2% or
less. Therefore, effective surface passivation in carbon dots is
necessary for bright fluorescence emissions.3,4,6,14 For example,
Wang et al. reported that for carbon dots with oligomeric
poly(ethylene glycol) diamine (PEG1500N) as the surface passivation agent, the as-synthesized sample exhibited fluorescence
quantum yields around 20%, from which more fluorescent
fractions corresponding to carbon dots of more effective surface
functionalization and passivation could be isolated to achieve
fluorescence quantum yields of more than 50%.24 A number of
other studies have also confirmed the critical role of surface
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sample holder in the emission spectrometer. Since the fluorescence decays of the carbon dots in the films and in the solution
are essentially the same, the significant enhancement in
fluorescence quantum yields from the solution to films is static
in nature, rationalized as a result of enhanced surface passivation for the carbon dots in a more confined environment in the
PVA matrix. The mechanistic and technological implications of
the results are discussed.
Fig. 1 A cartoon illustration of EDA–carbon dots, generally a small carbon
nanoparticle core with attached and strongly adsorbed EDA molecules for
surface passivation (a configuration similar to a soft corona).

Experimental section
Materials

passivation in determining the fluorescence brightness of
the resulting carbon dots.6,14,25 The mechanistic origin and
implications of the surface passivation in carbon dots have also
been explored.6,12,26
The widely cited mechanistic framework for carbon dots is
such that the abundant surface defects in the small carbon nanoparticles must be playing an important role in the observed
optical properties of carbon dots.6,12,27–29 Upon photoexcitation
there must be rapid charge separation in the carbon nanoparticles
for the formation of electrons and holes, which are ‘‘trapped’’
at various surface sites, and radiative recombinations of the
electrons and holes are responsible for the observed fluorescence emissions (Fig. 1).6,12,29 The more effective passivation in
carbon dots might have stabilized the surface sites for the
electrons and holes, enabling more efficient radiative recombinations to result in higher fluorescence quantum yields. Within
such a mechanistic framework, the weak fluorescence emissions
from naked carbon nanoparticles in aqueous or organic suspensions
may be understood in terms of the surface passivation effect
provided by the solvation.12,23 Organic solvents are apparently
more effective than water in this regard, and the presence of
amino molecules in the carbon nanoparticle solutions enhances the
passivation effect and therefore the fluorescence performance.23
It may be expected in the same mechanistic framework that a
compression of the surface passivation layer in carbon dots (Fig. 1)
could also enhance the passivation effect for brighter fluorescence
emissions, as hinted by the results obtained from carbon dots
in a more restrictive environment.30 A more systematic examination
of such an enhancement effect is in demand for significant
mechanistic implications and also for the relevance to various
technological applications of carbon dots, such as their use
in polymeric composites for fluorescence displays and/or the
like.31,32
In the work reported here we dispersed carbon dots of diﬀerent
levels of surface functionalization (thus diﬀerent fluorescence
quantum yields), as well as carbon nanoparticles without any
deliberate functionalization, into poly(vinyl alcohol) (PVA, a
polymer widely employed in optical spectroscopic investigations)
for composite films. In the PVA matrix, the carbon dots and
nanoparticles exhibited much enhanced fluorescence emissions
in comparison with their corresponding aqueous solutions. The
increased fluorescence quantum yields in the films were determined
quantitatively by using a specifically designed and constructed film
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Carbon nanopowder samples (99%), 2,2 0 -(ethylenedioxy)bis(ethylamine) (EDA), and poly(vinyl alcohol) (PVA, MW B 90 000)
were purchased from Sigma-Aldrich, thionyl chloride (499%) from
Alfa Aesar, nitric acid from VWR, and sulfuric acid (98%) from
Fisher Scientific. Dialysis membrane tubing (cutoﬀ molecular
weight B500) was supplied by Spectrum Laboratories. Water
was deionized and purified by being passed through a LabconcoWaterPros water purification system.
Measurements
An Eppendorf centrifuge (model 5417 R) was used for centrifugation at various g values. Transmission electron microscopy
(TEM) images were obtained on a Hitachi H-7600 instrument
operated at 100–120 kV. Atomic force microscopy (AFM) analysis
was carried out in the acoustic AC mode on a Molecular Imaging
PicoPlus AFM system equipped with a multipurpose scanner and
a NanoWorldPointprobe NCH sensor. The height profile analysis
was assisted by using the SjPIP software distributed by Image
Metrology.
Optical absorption spectra were recorded on a Shimadzu
UV2501-PC spectrophotometer. Fluorescence spectra were
recorded on a Jobin-Yvon emission spectrometer equipped with
a 450 W xenon source, Gemini-180 excitation and Tirax-550
emission monochromators, and a photon-counting detector
(Hamamatsu R928P PMT at 950 V). Fluorescence decays were
measured on a time-correlated single photon counting (TCSPC)
setup with a Hamamatsu stabilized picosecond light pulser
(PLP-02) for 407 nm excitation (o100 ps pulses at 1 MHz
repetition rate), coupled with a Phillips XP2254/B PMT in a
thermoelectrically cooled housing as a detector for an overall
instrument time resolution of 500 ps or better.
A specifically designed film sample holder for being used in
the emission spectrometer was made by using 3D printing in
house (see also ESI†). The physical dimensions of the holder
match exactly those of a standard 1 cm cuvette, so that the
holder is fully compatible with the sample chamber in the
emission spectrometer. The outer piece of the holder is equivalent
to a typical plastic cuvette, except for large openings at all four
sides. Inside the outer piece is fitted precisely in the diagonal
geometry a pair of composite plates, both of which have a
matching large opening in the center. The function of the plates
is to sandwich a film specimen for fluorescence measurements
in such a geometry that the film is excited in the back with a

This journal is © The Royal Society of Chemistry 2016
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451 angle to the excitation light, and the emissions are collected
in the front of the film also in a 451 angle to the detector. The
performance of the sample holder in terms of reproducibility
and reliability in the measurement of film samples against
fluorescence film standard (rhodamine 6G in PVA films)
was evaluated by repeated measurements of sample and/or
standard films, and in each measurement the selected film
was reloaded into the holder. The variations in measurement
results were around 5% or less, which were considered as being
suﬃcient for the validation of the sample holder.
Carbon nanoparticles and EDA–carbon dots
The commercially acquired carbon nanopowder sample was
refluxed in aqueous nitric acid (2.6 M) for 24 h, washed with
deionized water repeatedly, and then dried under nitrogen. The
treated sample (200 mg) was further treated in the mixed acid
of concentrated sulfuric acid and nitric acid (3/1 v/v, 10 mL) at
60 1C with sonication for 1 h and then refluxing for 2 h. To the
resulting mixture was added deionized water (100 mL) for
centrifugation at 20 000g for 30 min to keep the supernatant.
It was dialyzed in a membrane tubing (cutoﬀ molecular weight
B500) against fresh water for 3 days to yield a stable dispersion
of carbon nanoparticles.
For the synthesis of EDA–carbon dots, the nitric acid treated
carbon nanopowder sample discussed above was dialyzed in a
membrane tubing (cutoff molecular weight B500) against fresh
water, followed by centrifugation at 1000g to retain the supernatant
as a suspension of carbon nanoparticles. The nanoparticles were
recovered by the removal of water via evaporation, and then
refluxed in neat thionyl chloride for 12 h. Upon the removal of
excess thionyl chloride, the treated sample (50 mg) was mixed well
with carefully dried (vacuum oven at B60 1C for 4 h) EDA liquid in
a round-bottom flask, heated to 120 1C, and vigorously stirred
under nitrogen protection for 3 days. The reaction mixture back at
room temperature was dispersed in water and then centrifuged at
20 000g to retain the supernatant. It was dialyzed in a membrane
tubing (cutoff molecular weight B500) against fresh water to
remove unreacted EDA and other small molecular species to obtain
an aqueous solution of the as-synthesized EDA–carbon dots.
A Sephadext G-100 gel column (packed in house with a
commercially supplied gel sample) was used for the fractionation of the as-synthesized sample by following the experimental
protocol already reported in the literature.24

Paper

applied to the fabrication of PVA films embedded with carbon
nanoparticles or rhodamine 6G as the fluorescence standard.

Results and discussion
Carbon nanoparticles were harvested from the commercially
supplied carbon nanopowder sample using procedures including
the sample being subjected to several acid treatment steps involving
aqueous nitric acid and the mixed acid composed of concentrated
sulfuric acid and nitric acid.22 The acid treated sample was dialyzed
against fresh water, and centrifuged to keep the supernatant as
an aqueous dispersion of carbon nanoparticles, which appeared
transparent and solution-like (Fig. 2). The treatment with the
mixed acid was apparently a necessary step in the processing to
make the resulting dispersion relatively more stable without any
meaningful precipitation. The dispersed carbon nanoparticles were
small, as desired, on average around 4.5 nm according to results
from the transmission electron microscopy (TEM) characterization
(Fig. 3). The broad optical absorption spectrum of the aqueous
dispersed carbon nanoparticles is also shown in Fig. 2.
The carbon nanoparticles in aqueous dispersion were found
to be weakly fluorescent (Fig. 2), with observed quantum yields
on the order of 1–2%, and somewhat different at different
excitation wavelengths. The results are in general agreement
with those already reported in the literature.19–23 It has been
argued that even without the deliberate surface passivation via
the kind of organic functionalization in carbon dots, the
solvation of the carbon nanoparticles in an aqueous medium
may provide some passivation effect to result in the observed
relatively weak fluorescence emissions.6,21
The carbon nanoparticles were functionalized with 2,20 -(ethylenedioxy)bis(ethylamine) (EDA) under amidation reaction conditions to obtain EDA–carbon dots, as reported previously.33
The as-synthesized sample was readily soluble in water, thus
cleaned in dialysis (through membrane tubing with cutoff
molecular weight B500) to remove unreacted EDA and other
small molecular species. Results from atomic force microscopy
(AFM) characterization (Fig. 4) suggested that the carbon dots

PVA films
A PVA polymer (MW B 90 000, 750 mg) was dissolved in deionized
water (10 mL) at 80 1C. Separately, aqueous solution with known
concentration of a selected sample of EDA–carbon dots was
prepared, and a quantitatively measured amount of the solution
was mixed with the PVA solution under vigorous stirring. The
resulting solution was degassed, concentrated by the evaporation of
water until it becomes viscous, and then drop-cast onto a clean
glass slide. The film thickness was controlled by controlling the
amount of material used for casting and the film dimensions on
the slide. After drying, the PVA/carbon dot composite film was
peeled off the slide to be free-standing. The same procedure was

This journal is © The Royal Society of Chemistry 2016

Fig. 2 Absorption (ABS) and fluorescence (FLSC, 400 nm excitation)
spectra of carbon nanoparticles in aqueous dispersion (—, with a photograph of the dispersion in the inset) and in PVA films (–––).
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Fig. 3 A representative TEM image of the carbon nanoparticles, with the
size distribution analysis in the inset.

Fig. 4 Results from AFM imaging of the EDA–carbon dots on mica, with
height analyses on selected dots for estimating their sizes.

were on the order of 5 nm in diameter, consistent with the TEM
results on the sizes of precursor carbon nanoparticles (Fig. 3).
Absorption and fluorescence spectra of the as-synthesized
sample of EDA–carbon dots in aqueous solution are shown in
Fig. 5. The observed fluorescence quantum yields were much
higher than those of the aqueous dispersed carbon nanoparticles, 15–20% (varying from batch to batch in duplicating
syntheses) at 400 nm excitation. Since the as-synthesized sample
was generally known as a mixture of EDA–carbon dots of different
fluorescence quantum yields,33 an aqueous gel column (Sephadext
G-100) was used for the fractionation of the sample,24 yielding
fractions of fluorescence quantum yields higher or lower than the
pre-fractionation average (Fig. 5). As discussed in the literature, the
difference in fluorescence brightness between different fractions
reflects upon the effectiveness of surface passivation in the corresponding carbon dots.24,34 Therefore, fractions of the carbon dots
exhibiting lower fluorescence quantum yields due to relatively less
effective surface passivation should be expected to benefit more
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Fig. 5 Absorption (ABS) and fluorescence (FLSC, 400 nm excitation)
spectra of the EDA–carbon dots in aqueous solution (the as-prepared
sample: —; the separated fractions with fluorescence quantum yields at
400 nm excitation of around 5%: – – – and 32%: –––), and observed
fluorescence quantum yields of the two fractions at different excitation
wavelengths (the lower-yield fraction: circles, and the higher-yield fraction:
squares).

significantly from any external effect that would improve the
surface passivation, such as the expected compression effect
experienced by the carbon dots embedded in a polymer film
matrix. This was confirmed in the film study in which a fraction
combining the EDA–carbon dots of fluorescence quantum
yields of around 5% at 400 nm excitation was used as the
starting point.
Poly(vinyl alcohol) (PVA) was selected as the polymer host
because of its known high optical quality and desirable film
properties.35–37 In the fabrication of polymeric nanocomposite
films with embedded EDA–carbon dots, the selected sample
solution was added dropwise to a separately prepared aqueous
solution of PVA with stirring to obtain a homogeneous mixture.
The mixture was degassed thoroughly (centrifuged vigorously
and then sonicated in the degas mode), concentrated until it
becomes viscous, and drop-cast onto a clean glass slide. Upon
drying, the PVA/EDA–carbon dot film was peeled off the slide to
be free-standing (Fig. 6). A blank PVA film without carbon dots
was prepared using the same procedure. The film thickness was
controlled in the fabrication by using the same amount of PVA
and by keeping the film dimensions as constant as possible.
The PVA/carbon dot composite films appeared colored, but
optically transparent (Fig. 6). The observed absorption spectra
of the EDA–carbon dots in PVA films (as blank films have no
absorption in the same spectral region) are largely the same as
those in solution (Fig. 5 and 6). Since the optical absorption of
carbon dots is due to transitions associated with the p-plasmon
in the core carbon nanoparticles, the results suggest that the
film environment has no significant effect on the transitions.
The observed fluorescence spectra of the EDA–carbon dots in
PVA films are also similar to those in solution at the same
excitation wavelengths, except for slight blue shifts due to the
film environment (Fig. 6). The composite films were visually
brightly fluorescent under light illumination, suggesting substantial fluorescence quantum yields.
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Fig. 6 Absorption (ABS) and fluorescence (FLSC, 400 nm excitation on
the left and 500 nm excitation on the right) spectra of the EDA–carbon
dots in aqueous solution (—) and in PVA films (–––). Inset: photographs
of the PVA/carbon dot composite films (from top to bottom) under
ambient light and exposed to a UV lamp (350–400 nm, with the three
photos taken through 405 nm, 475 nm, and 525 nm cutoff filters).

Fluorescence quantum yields of the EDA–carbon dots in PVA
films were determined quantitatively by using the relative
method with a film of rhodamine 6G in PVA as the fluorescence
standard, for which the assumed no effect on the fluorescence
quantum yield of the dye by PVA was justified by the experimental results such that in a comparison of rhodamine 6G in
aqueous solutions without and with high concentrations of PVA
(up to 200 mg mL1, with the solution becoming viscous to
mimic conditions in films), no meaningful changes in fluorescence intensities were observed. However, because of the
implicit assumptions behind the relative method,38 an absolute
requirement is for the sample and the standard to have the
same configuration (film vs. film) and also the same measurement geometry in the fluorescence spectrometer.38,39 The latter
is intrinsically more difficult for film specimens, requiring
special efforts in terms of the instrumental setup and measurements. Therefore, a film sample holder was specifically
designed and constructed (details in Experimental section)
for the fluorescence spectrometer to ensure the same measurement geometry for the films and thus the reproducibility in the
measurement of their fluorescence intensities. As a calibration
to evaluate and demonstrate the reproducibility, several PVA/
rhodamine 6G films were used for multiple independent (films
remounted in the holder each time) measurements, equivalent
to multiple independent determinations of the fluorescence
quantum yield of a PVA/rhodamine 6G film by using itself or
another film of the same kind as the fluorescence standard.
The results suggested that the variation over multiple films,
each with multiple independent measurements, was around
5%, an error margin not so different from that in the use of
the relative method for fluorescence quantum yield determination in general. Therefore, the same film sample holder and
measurement protocol were used in the determination of
fluorescence quantum yields of all PVA/carbon dot films in
reference to the PVA/rhodamine 6G film standard. For the same
sample film over multiple independent measurements, the
variation in the resulting fluorescence quantum yield values
was also on the order of 5%. As shown in Fig. 7, the fraction of
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Fig. 7 Fluorescence quantum yields of the separated fractions of the
EDA–carbon dots (including naked carbon nanoparticles or CNPs) in PVA
films (FF,film) vs. in solution (FF,solution): circles; and a plot of the enhancement factor FF,film/FF,solution vs. FF,solution: squares.

EDA–carbon dots with the solution-phase fluorescence quantum
yield of 5% (400 nm excitation) exhibited nearly a doubling in the
yield upon being incorporated into the PVA film matrix (Fig. 7).
The enhancement in fluorescence quantum yields from
the solution to films was apparently more dramatic relatively
(in terms of the percentage increase) for less fluorescent fractions
of the EDA–carbon dots. For example, the fraction from the gel
column separation with a fluorescence quantum yield of around
15% in aqueous solution (400 nm excitation) was used in the
fabrication of PVA/carbon dot composite films, and the fluorescence quantum yields in films were also determined in reference
to the PVA/rhodamine 6G film standard by using the same film
sample holder and measurement protocol. The enhancement
from the solution to films was significant, with the observed
fluorescence quantum yield increased to more than 20% in films,
though seemingly less dramatic in the percentage term (a 50%
increase from the solution to films, Fig. 7). A similar enhancement
from solutions to films was confirmed with films fabricated by
using other fractions of the EDA–carbon dots of different solutionphase fluorescence quantum yields, as also illustrated in Fig. 7. In
control experiments, fluorescence quantum yields of EDA–carbon
dots in aqueous solutions were measured in the presence of PVA
in various concentrations (up to 200 mg mL1), no meaningful
changes were observed.
For carbon dots of the same surface functional molecules, the
gel-column separated fractions of diﬀerent observed fluorescence
quantum yields have generally been correlated with diﬀerent
levels of surface functionalization–passivation in the corresponding carbon dots, those less well functionalized–passivated
exhibiting lower fluorescence quantum yields.24,34 In this
regard, at the limit is the aqueous dispersed carbon nanoparticles without surface functionalization (depending on
solvation for a relatively weak surface passivation effect).23
Therefore, the particle dispersion was also used for the fabrication of PVA/carbon nanoparticles composite films, and their
fluorescence quantum yields were similarly determined. The
results suggested the most significant percentage increase in
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fluorescence quantum yields from the aqueous dispersion to
composite films (Fig. 7).
Within the mechanistic framework discussed in the introduction
section, the observed substantial increase in fluorescence quantum
yields of carbon dots from solutions to PVA films are attributed
primarily to significantly enhanced surface passivation eﬀects on the
carbon nanoparticles in carbon dots in the film environment.
Similar observations in the literature on the solid-state matrix eﬀect
on the embedded carbon dots may be understood in terms of the
same mechanistic origins.30,40 In the PVA/carbon dot composite
films, while PVA may not add directly to the surface passivation layer
in carbon dots (Fig. 1), the film environment may compress the
existing EDA functionalization to enhance the surface passivation
eﬀect to result in brighter fluorescence emissions across all fractions
of the EDA–carbon dots with different solution-phase fluorescence
quantum yields (Fig. 7). Similarly, it may be argued that such a film
environment-induced effect is more significant relatively on the less
fluorescent factions. At the extreme for ‘‘naked’’ carbon nanoparticles in the PVA film matrix, the matrix polymers are apparently
able to provide more effective surface passivation than water molecules in aqueous dispersion of the nanoparticles for the largest
percentage increase in the observed fluorescence quantum yield.
Nevertheless, in absolute terms the incorporation of the most
fluorescent fraction of EDA–carbon dots into PVA films resulted in
the substantial improvement to push the fluorescence quantum
yield over 40% (Fig. 7).
The film environment-induced fluorescence quantum yield
enhancement (or the ‘‘negative quenching eﬀect’’ in a diﬀerent
description)23 must be mostly static in nature, generally manifested
in terms of a decoupling between fluorescence intensity quenching
and fluorescence lifetime quenching.38 This was confirmed by the
results from fluorescence decay measurements based on the timecorrelated single photon counting (TCSPC). As compared in Fig. 8,
the decay curve of the EDA–carbon dots in PVA films is essentially
the same as that in solution, despite the substantially higher
fluorescence quantum yield observed in the same film sample.
Both decay curves could not be deconvoluted with a mono- or
bi-exponential function, suggesting a distribution of fluorescence lifetimes.
In addition to the results shown in Fig. 7 for 400 nm excitation,
enhanced fluorescence quantum yields in representative sample
films at other excitation wavelengths were determined and compared. Shown in Fig. 9 are the results for the films corresponding to
the fractions of EDA–carbon dots with solution-phase fluorescence
quantum yields of around 5%, 15%, and 32% at 400 nm excitation.
Across all of the excitation wavelengths, there are significant
increases in the observed fluorescence quantum yields from the
solution to films, with the film-to-solution (FF,film/FF,solution) ratio
varying with the excitation wavelength (Fig. 9). The variation is such
that the enhancements at longer excitation wavelengths are more
pronounced than at 400 nm excitation. For the more fluorescent
film (Fig. 9), the FF,film/FF,solution ratios at 480 nm and 520 nm
excitations are 2.3 and 1.9, corresponding to absolute fluorescence
quantum yield values in the film of 10% and 4%, respectively. The
results suggest that the incorporation of carbon dots into polymer
films or other optically transparent matrices may be further explored
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Fig. 8 A comparison between fluorescence decay curves of the EDA–
carbon dots in aqueous solution (black) and in PVA films (red).

Fig. 9 Excitation wavelength dependencies of the fluorescence quantum
yield enhancements from the aqueous solution to PVA films (as measured
by FF,film/FF,solution) for diﬀerent EDA–carbon dot fractions with solutionphase quantum yields at 400 nm excitation of around 5% (squares), 15%
(circles), and 32% (triangles).

as a strategy for the general need to increase the fluorescence
brightness of carbon dots at longer excitation wavelengths.
In addition to mechanistic implications of the results presented
above for enhanced surface passivation eﬀects with carbon dots
embedded in a more confined environment in a polymer matrix,
technologically an improved understanding of polymeric composites
with brightly fluorescent carbon dots is relevant to the increasing
interest in using carbon dots for optoelectronic devices, light
emitting diodes (LEDs) in particular.41,42 A potentially more
direct use of the polymer/carbon dot composite films is to take
advantage of their bright fluorescence emissions for displays,
signs, or other luminescence-based devices.

Conclusions
Carbon dots are small carbon nanoparticles with various surface passivation schemes, among which the most eﬀective has
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been the particle surface functionalization. As a result, the
fluorescence properties of carbon dots, the brightness or quantum
yields in particular, are sensitive to the level and eﬀectiveness of the
surface functionalization–passivation, as reflected by the different
performances of the fractions from separating the as-synthesized
sample of EDA–carbon dots. Demonstrated in this work is that in
all fractions the passivation effect could be enhanced significantly
upon dispersing the carbon dots into a polymer (PVA) film matrix,
corresponding to the observed higher fluorescence quantum
yields. The fluorescence decay results suggest that the enhanced
passivation effect is static in nature. Mechanistically the
enhancement may be rationalized as being associated with the
compression of the surface passivation layer (similar to a soft
corona) in carbon dots embedded in the more restrictive film
environment, which must have provided a stabilization effect on
the trapped electrons and holes for more efficient radiative
recombinations. Technologically, the brightly fluorescent polymer/carbon dot composite films with multiple emission colors
may find direct or indirect applications in various optical or
optoelectronic devices, from fluorescent displays to LEDs.
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ABSTRACT: Quantum dots (QDs) generally refer to nanoscale particles
of conventional semiconductors that are subject to the quantumconﬁnement eﬀect, though other nanomaterials of similar optical and
redox properties are also named as QDs even in the absence of strictly
deﬁned quantum conﬁnement. Among such nanomaterials that have
attracted tremendous recent interest are carbon dots, which are small
carbon nanoparticles with some form of surface passivation, and graphene
quantum dots in various conﬁgurations. In this article, we highlight these
carbon-based QDs by focusing on their syntheses, on their photoexcited
state properties and redox processes, and on their applications as
photocatalysts in visible-light carbon dioxide reduction and in watersplitting, as well as on their mechanistic similarities and diﬀerences.
KEYWORDS: quantum dots, carbon dots, graphene quantum dots, photocatalysts, CO2 photoreduction, water-splitting
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molecules5,9−11 and the reduction of carbon dioxide (CO2) into
small organic molecules.12−14 Again using CdSe/CdS core−
shell materials for harvesting visible photons (around 450 nm),
Amirav et al. made nanorods of the semiconductors with
platinum metal as cocatalyst for the water-splitting, achieving
high quantum yields.9 Han et al. used dihydrolipoic acid
(DHLA) to cap CdSe nanocrystals for QD-sensitized semiconductor photocatalysts for improved photochemical quantum yields in the hydrogen production with visible light
(around 520 nm).11 However, the performance of semiconductor QDs in the widely pursued visible-light photocatalytic CO2 reduction has not been so inspiring, with
generally low to very low quantum yields. For example,
Chaudhary et al. used enzyme-modiﬁed CdS nanocrystals as
visible-light photocatalysts for the conversion of CO2 to carbon
monoxide (CO), but the observed quantum yields were rather
low.13 Interestingly, more recent improvements in performance
have been due to the modiﬁcation of semiconductor QDs with
carbon nanomaterials for hybrid photocatalysts.14,15 As
reported by Yu et al.,15 the composite of CdS nanorods and
reduced graphene oxides (CdS-RGO) could be used as
photocatalyst for the conversion of CO2 into methane and a
trace amount of methanol under visible light (around 420 nm)
illumination, with the apparent quantum yields signiﬁcantly

INTRODUCTION
Quantum dots (QDs) generally refer to nanoscale particles that
are subject to the quantum-conﬁnement eﬀect.1,2 Among
extensively investigated QDs are semiconductor nanocrystals of
physical dimensions smaller than the exciton Bohr radius.2 For
the now more established cadmium selenide (CdSe) QDs, as a
representative example, the characteristic dependencies of their
electronic and optical properties on the nanocrystal sizes are
reﬂected in the famous display of beautiful ﬂuorescence colors
by the QDs of diﬀerent diameters.3,4 Therefore, the term
“quantum dot” in the literature is mostly associated with
nanoscale entities exhibiting size-dependent multicolor ﬂuorescence emissions, despite the fact that the quantumconﬁnement has many consequences, especially with respect
to photoinduced redox processes.5 These processes drive many
widely pursued energy conversions, from photons to electrons
and vice versa. In fact, there have been extensive investigations
on using semiconductor QDs or nanorods in energy conversion
devices and systems. For example, there have been recent
reports on CdS/CdSe core−shell QDs as “dyes” in dyesensitized solar cells (DSSCs) to attain a higher power
conversion eﬃciency (PCE) than that of traditional DSSCs.6,7
On the other hand, CdSe/CdS core−shell QDs of high
ﬂuorescence quantum yields have been used as electroluminescent materials in high-performance light emitting
diodes (LEDs).8 Semiconductor QDs have also been popular
in the pursuit of other solar energy conversion pathways,
especially as photocatalysts in the water-splitting for hydrogen
© 2015 American Chemical Society
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The surface passivation likely protects the emissive excited
states, and/or the transient species leading to the emissive
excited states, from possible “quenching”, which should have
similar eﬀects on the energy and charge transfer processes
associated with the same excited states and/or transient species,
thus also relevant to the use of carbon dots in energy
conversion systems.
Optical Properties. Unlike in conventional semiconductor
QDs with band gap absorptions that are subject to the quantum
conﬁnement eﬀect, the photoexcitation of carbon dots is due to
π-plasmon absorption in the core carbon nanoparticles. The
absorption covers a broad UV/vis spectral range, extending into
the near-IR, thus overlapping with a signiﬁcant portion of the
solar spectrum (Figure 2). In terms of absorptivity values per

higher than those achieved with the semiconductor QDs
alone.15 This and other similar examples argue for the valuable
role of carbon nanomaterials, carbon-based QDs in particular,
in the presently extensively studied energy conversion systems.
Carbon “quantum” dots or carbon dots (Figure 1)16−19 have
been leading the recent emergence of various carbon-based

Figure 1. Top: Photographs for an aqueous solution of the PEG1500Nfunctionalized carbon dots excited at the indicated wavelengths.16
Bottom left: Cartoon illustration on an EDA-functionalized carbon
dot, which is essentially a special “core−shell” nanostructure with a
small carbon nanoparticle as the core and a soft shell of tethered EDA
molecules.115 Bottom right: Photographs comparing an aqueous
solution of PEG1500N-functionalized carbon dots and an ethanol
solution of ﬂuorescein under sunlight.26 Reprinted in part with
permission from ref 26. Copyright 2010 John Wiley and Sons.

QDs, including the popular graphene quantum dots
(GQDs).20−25 These carbon-based QDs share some major
features, including broad optical absorptions due primarily to πplasmon and photoluminescence emissions associated with
structural and surface or edge defects.18,19,25 In particular their
photoinduced redox properties and processes are rather
signiﬁcant and in some cases unique, amenable to applications
in technologies for energy eﬃciency and renewable energies.20−25 In this article, we highlight carbon dots and other
carbon-based QDs including especially various variations of
GQDs, focusing on their syntheses, optical and photoexcited
state properties and redox processes, and applications as
photocatalysts in visible-light CO 2 conversion and H 2
generation from water.

Figure 2. Observed absorption spectrum of broadly distributed carbon
dots in aqueous solution (solid line) compared with the solar spectrum
at the sea level (dashed line).

molar concentration of carbon atoms in the core carbon
nanoparticles, the absorption of carbon dots is relatively strong,
especially in the UV to blue/green spectral region. For example,
results from experiments on carbon nanoparticles of 5−10 nm
in diameter suggested absorptivity values of 50−100 MC atom−1
cm −1 around 450 nm, where M C atom denotes molar
concentration in terms of carbon atoms in the core carbon
nanoparticles, compared with 16 MC atom−1cm−1 for C60 at the
ﬁrst absorption band maximum.28 These absorptivity values are
roughly the equivalent of up to 750 000 and 6 × 106
MC‑particle−1cm−1 for the carbon nanoparticles of 5 and 10 nm
in diameter, respectively.
Carbon dots with eﬀective surface passivation are brightly
ﬂuorescent.18,19 Among the best performing carbon dots are
those from the functionalization of small carbon nanoparticles
(around 4 nm in average diameter) with diamine-terminated
oligomeric poly(ethylene glycol) (average molecular weight
1500, denoted as PEG1500N). As reported by Wang et al.,26 the
as-synthesized sample of PEG1500N-carbon dots exhibited
ﬂuorescence quantum yields around 20% in the green. Similar
ﬂuorescence quantum yields in the blue-green could be
achieved in carbon dots of carbon nanoparticles (from the
carbonization of polyvinylpyrrolidone) surface-passivated with
4,7,10-trioxa-1,13-tridecanediamine (TTDDA) molecules, as
reported recently by Ding et al.29 However, upon gel column

■

CARBON DOTS
Carbon dots (Figure 1, also referred to in some literature as
carbon quantum dots or C-Dots) were found originally for their
ﬂuorescence emissions (Figure 1) appearing similar to those in
conventional semiconductor QDs.16−19 As in the original
study,16 carbon dots are generally deﬁned as small carbon
nanoparticles with various forms of surface passivation,18,19,25
among which the chemical modiﬁcation or functionalization
with organic molecules or polymeric species have been more
eﬀective for bright ﬂuorescence emissions.25,26 While ﬂuorescence from “naked” carbon nanoparticles in various
suspensions has been observed, the intensities are relatively
weak, thus making the surface passivation necessary for much
enhanced ﬂuorescence quantum yields.27 This is to a certain
extent analogous to the surface-capping of CdSe nanocrystal
with ZnS in the development history of semiconductor QDs.
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separation of the PEG1500N-carbon dots, the most ﬂuorescent
fraction was much brighter, with observed emission quantum
yields close to 60%.26 The performance is competitive to that of
the commercially supplied green CdSe/ZnS QDs in aqueous
solution and on a substrate at the individual dot level (Figure
3).26 The eﬀect of improved surface passivation on brighter

organic or other carbon-rich/containing precursors often in
“one-pot” processing.18−20 These syntheses are generally
diﬀerent from the deliberate functionalization approach, though
in some cases there may be an overlap, such as the use of
carbon nanoparticles from the carbonization processing as
precursors for deliberate surface chemical functionalization to
obtain brightly ﬂuorescent carbon dots. For example, Peng and
Travas-Sejdic prepared carbon dots by the dehydration of
carbohydrates with strong acids and the passivation with 4,7,10trioxa-1,13-tridecanediamine (TTDDA).35 There have been
many choices of surface passivation agent for the chemical
functionalization approach, such as various oligomeric PEG
diamines in addition to PEG1500N discussed above, aminopolymers, and other amine-terminated molecules.
The one-pot processing is convenient and versatile, but less
controllable, yielding carbon dots of widely varying optical
properties and performances.18−20 Among some representative
examples, Dong et al. used a mixture of citric acid and branched
polyethylenimine as precursor for the one-step carbonization
synthesis of carbon dots.36 Zhu et al. made carbon dots by
heating a solution of saccharide and PEG in a microwave
oven;37 and Yang et al. obtained carbon dots from the
hydrothermal carbonization of chitosan.38 The list goes on for
the carbonization synthesis of carbon dots, with the selection of
precursors as diverse as one could imagine, including various
fruit juices, watermelon or pomelo peels, many food items,
grass and plant leaves, and so on.18−20 Although there is
nothing unique about the carbon dots prepared with many of
these selected precursors, the diversity of sources does suggest
that carbon dots are not so “picky” with respect to the purity or
exact composition of the underlying dot materials beyond the
predominating carbon content. This is probably due to the fact
that the excited-state properties of carbon dots are dictated by
defects.25
Mechanistic Issues. The presently adopted mechanistic
framework is such that the photoexcitation of core carbon
nanoparticles in carbon dots results in eﬃcient charge
separation, with the electrons and holes (or radical anions
and cations in a diﬀerent description) trapped at various surface
sites of the nanoparticles, with the radiative recombinations of
the electrons and holes being responsible for the observed
ﬂuorescence emissions (Figure 4).25,39 This is in some respects
similar to the photoexcited state mechanism in conventional
semiconductor QDs. Although the classical quantum conﬁnement found in semiconductor QDs is not applicable in carbon
dots, as the emission colors in the latter are associated with
diﬀerent trapping sites and/or recombination paths of the

Figure 3. Fluorescence microscopy images (458 nm excitation)
comparing individual PEG1500N-functionalized carbon dots (left) with
Invitrogen “QD525PEG” QDs (right) on glass substrate.26 Reprinted
with permission from ref 26. Copyright 2010 John Wiley and Sons.

ﬂuorescence emissions was also demonstrated in the doping of
the carbon nanoparticle surface with a conventional semiconductor (ZnO, ZnS, or TiO2 ), combined with the
functionalization by the same PEG1500N molecules.30,31 The
ﬂuorescence quantum yields of these doped carbon dots were
40−50% in the as-synthesized sample and 75−80% for the
most ﬂuorescent fraction from the gel column separation.31
Carbon dots are strongly multiphoton ﬂuorescent, with the
pulsed laser excitation in the near-IR (800−900 nm) and
emissions detected in the visible.18,19,32,33 The observed twophoton absorption cross sections are very large, on the order of
40,000 GM (Goeppert-Mayer unit, 1 GM = 1 × 10−50 cm4 s/
photon) at 800 nm,32 again competitive to those of the bestperforming semiconductor QDs and considerably better than
benchmark organic dyes. More recently, Liu et al. found higher
two-photon absorption cross sections in the dots doped with
nitrogen.34
Syntheses. The original preparation of carbon dots was
based on the surface functionalization of carbon nanoparticles
with organic and polymeric molecules using established
chemical reactions.16,32 Such an approach is now classiﬁed as
being a synthesis with deliberate functionalization.18,19 Since
then, a large number of methods for the preparation or
formation of carbon dots have been reported, though most of
them share a common feature that is the carbonization of

Figure 4. Middle: Cartoon illustration of the mechanistic framework on photoexcited state processes in carbon dots (with the rainbow color showing
ﬂuorescence from radiative recombinations of the electrons and holes). Left and right: Stern−Volmer plots for the ﬂuorescence quenching by (left)
electron donor N,N-diethylaniline (DEA) and (right) by acceptor 2,4-dinitrotoluene at diﬀerent excitation wavelengths.25,39
8365

DOI: 10.1021/acsami.5b00448
ACS Appl. Mater. Interfaces 2015, 7, 8363−8376

Review

ACS Applied Materials & Interfaces

Figure 5. Top: Isolated sp2 islands in a graphene sheet and a photo showing bandgap ﬂuorescence in solution (right), and a multiple-layer graphene
piece (left). Bottom: Carbon nanoparticle with surface defects (left), and ﬂuorescence emission color variations in carbon dots (right).25

(Figure 4).39 Mechanistically, the ﬂuorescence quenching
results are readily explained in terms of the electron acceptor
or donor quenchers scavenging the electrons and holes in
carbon dots, respectively, thus disrupting the redox species’
radiative recombinations (Figure 4). The photoinduced
electron transfer properties were conﬁrmed by Kang et al. in
ﬂuorescence decay studies of carbon dots with the same
electron acceptor and donor quenchers as those in ref 39
(Figure 4), 2,4-dinitrotoluene and N,N-diethylaniline, respectively.41 The redox active nature of photoexcited carbon dots
was also demonstrated in the reduction of metal ions in an
aqueous solution.42,43 Speciﬁcally, the photoirradiation of
carbon dots solution with a noble metal (silver, gold, or
platinum) salt resulted in the formation and deposition of the
noble metal on the dot surface. Because the noble metal is
electron aﬃnitive, it takes electrons from the attached carbon
dots, again disrupting the radiative recombinations, to result in
the observed extremely eﬃcient static quenching of ﬂuorescence emissions.42 The photoreductive deposition of metals
on carbon dots has valuable applications, such as the use of
carbon dots as photocatalysts with the deposited metal as a
cocatalyst (discussed in more detail below). Choi et al. also
exploited the same processing to decorate the surface of carbon
dots with plasmonic silver nanoparticles for hybrid nanodots of
enhanced light harvesting capability in optoelectronic devices.43
Carbon dots are obviously capable of harvesting photons
over the solar spectrum, with their photoexcited states and the
associated transient species responsible for bright ﬂuorescence
emissions as well as redox processes amenable to productive
uses in energy conversion systems. Because of their optical and
photoinduced redox properties, which derive exclusively from
defects in the core carbon nanoparticles and are enhanced
dramatically by eﬀective passivation of the defects, carbon dots
may play a dominating role among carbon-based nanostruc-

electrons and holes, the small size for the core carbon
nanoparticles is required for an extremely large surface-tovolume ratio to ensure a large population of diverse surface
defect sites. Therefore, the “quantum-sized” for core carbon
nanoparticles in carbon dots has diﬀerent meanings and
consequences in the associated optical and electronic properties
from those with semiconductor nanocrystals. Similarly, the size
dependence in carbon dots, for which well-controlled
experimental investigations are still needed, also has diﬀerent
characteristics. In principle, a change in the particle size alters
the surface-to-volume ratio for the particle, which may change
the surface defect sites and the radiative recombination paths,
among other possible structural and energetic eﬀects.
The diverse nature in structures and energetics of defectderived surface sites is likely responsible for a large population
of emissive excited states accessible with a selection of diﬀerent
excitation energies. This is manifested experimentally by the
progressive excitation wavelength dependent multicolor ﬂuorescence emissions, which collectively cover the entire UV/vis
spectral region, extending into the near-IR.16,18−20 The
inhomogeneity in the emissive excited states of carbon dots is
also reﬂected in the results of ﬂuorescence decays, which are
generally mixtures of multiple components.26,33,40 Despite the
obvious complexity, the experimental decay curves have
allowed an estimate of the ﬂuorescence lifetimes, which are
mostly on the order of nanoseconds.26,33,40
A direct probing of the photoinducted charge separation
and/or the associated electrons and holes in carbon dots has
yet to be accomplished. However, there is indirect experimental
evidence on the excited state redox species and processes.39,41,42 Among more compelling are the results
suggesting that photoexcited carbon dots are both excellent
electron donors and acceptors, with ﬂuorescence emissions
quenched eﬃciently by electron acceptor and donor molecules
statically and dynamically in a diﬀusion-controlled fashion
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et al. used single-layer graphene from mechanical exfoliation for
oxygen plasma etching, from which the resulting sample
exhibited signiﬁcant photoluminescence, whereas the same
processing of multilayer graphene ﬂakes yielded samples of no
photoluminescence emissions, a manifestation of the expected
signiﬁcant interlayer quenching eﬀect.48
Single-layer graphene sheets represent a precious commodity, so that their use as precursor in oxidative processing for
GQDs has understandably been scarce. The reverse has been
applied to the preparation of GQDs in most studies, namely
that single-layer graphene oxides (GOs) from the exhaustive
oxidation of graphite and then exfoliation have been used as
precursor for partial reduction into GQDs.23,24 Therefore, these
GQDs are essentially reduced (partially or somewhat controlled
in the reduction processing) single-layer GOs (or single-layer
rGOs). To avoid any interlayer quenching, the photoluminescent rGOs must be protected from restacking or the
like.48 Widely cited among such preparations was again the
study by Chhowalla and co-workers.47 The single-layer rGOs
thus prepared were targeted to contain conjugated sp2 carbon
clusters of various dimensions, corresponding to diﬀerent bandgaps and their associated optical transitions (Figure 6),47 which
are conceptually and practically similar to those found in
conventional semiconductor QDs.3,4
Lu et al. reported on the direct synthesis of mostly singlelayer graphene sheets by using C60 precursor on Ru (0001)
surface under diﬀerent annealing conditions.49 These sheet-like
GQDs were of diﬀerent shapes (triangular, parallelogram, and
hexagonal) and varying lateral dimensions, which enabled a
correlation on the size dependence of the electronic band
gap.49 Unfortunately, no evaluation on the photoluminescence
properties in these small pieces of single-layer graphene was
reported, as one might wonder how substantial would be the
eﬀect due to the relatively large number of surface defects (with
respect to the sizes of these pieces). Conceptually similar was
the work done by Chen et al.,50 in which one-step microwaveassisted hydrothermal processing of GOs in strong acid media
was used for primarily single-layer graphene pieces as GQDs.
The average diameter of the GQDs was estimated as being
around 3 nm in TEM analyses, and topographic heights less
than 0.7 nm based on AFM imaging. The GQDs at 260 nm
excitation emitted blue luminescence (centered around 420
nm). Although the optical transitions were assigned as being
π−π* in nature associated with the aromatic sp2 domains,50 the
extremely large apparent Stokes shift would suggest that the
observed luminescence might contain signiﬁcant contributions
from defect-derived emissions.25
It should be recognized that for the strictly deﬁned GQDs
(essentially the same as conventional semiconductor QDs in
two-dimension) the desired observation of semiconductor QDlike optical properties is problematic because of the intrinsic
association of GQDs with defects. In fact, the creation of the πislands in a graphene sheet (Figures 5 and 6) or a standalone
small piece of single-layer graphene relies on the introduction
of defects in the sheet structure or at the sheet edges,
respectively, so that eﬀects of the defects on the photoexcited
state and redox properties in GQDs are unavoidable. The
available experimental results have suggested that photoluminescence emissions from defect-derived contributions are
generally strong and often overwhelming in comparison with
those due to the mechanism of the strictly deﬁned GQDs.25
Many of the reported studies speciﬁcally targeting single-layer
graphene sheets were subject to “contaminations” due to

tures in which the same properties can be attributed mostly to
the presence of structural and/or surface-edge defects.

■

OTHER CARBON-BASED QDS
Again, the term “QDs” in the literature has often been
associated with the observation of multicolor ﬂuorescence
emissions corresponding to diﬀerent excitation wavelengths. In
this regard, the ﬁnding of carbon dots could be traced back to
the study of defect-derived photoluminescence emissions in
functionalized carbon nanotubes.44 Indeed, those emissions and
their excitation wavelength dependence were rather similar to
what were subsequently found in carbon dots, though no
naming of QDs for those photoluminescent carbon nanomaterials has been used.
From carbon nanotubes to nanosheets, now commonly
referred to as few-layer graphene sheets (denoted as GNs),
similar structural and/or edge defects are abundant.25 Therefore, it is no surprise that largely the same excitation wavelength
dependent multicolor ﬂuorescence emissions as those in carbon
nanotubes were found in GNs, more so in chemically
functionalized GNs.45,46 These ﬂuorescent carbon nanomaterials, along with single-layer graphene oxides (GOs) or other
single-layer graphene sheets with defects, are now generally and
apparently rather loosely referred to as “graphene quantum
dots” (GQDs).21−25 As to be discussed in more detail below, a
common characteristics shared by these ﬂuorescent carbon
nanomaterials is their surface and edge defects (Figure 5), as
well as the often dramatic eﬀect associated with the passivation
of the defects.25
Single-Layer Reduced GOs as GQDs. When strictly
deﬁned, a GQD should be a conjugated “π-island” in a singlelayer graphene sheet (thus without any interlayer quenching
eﬀect, which could be substantial), as clearly presented in some
literature reports, such as the one due to Chhowalla and coworkers (Figure 6).47 There have only been a few studies in
which the π-islands (also called “sp2-islands”) were created
from single-layer graphene sheets.48−50 As an example, Gokus

Figure 6. Top: (a−c) Illustration on π-islands on a graphene sheet.
Bottom: The energy gap of π−π* transitions calculated based on DFT
as a function of the number of fused aromatic rings.47 Reprinted with
permission from ref 47. Copyright 2009 John Wiley and Sons.
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amino-functionalized GQDs in ammonia-mediated reactions of
GOs, achieving photoluminescence quantum yields in the 19−
29% range at 365 nm excitation (Figure 7).60 Similar aminofunctionalized GQDs were prepared by Chattopadhyay and coworkers from GOs in a more recent study.61

defects and also multilayer pieces in which the defect
contributions might mask the presence of substantial interlayer
quenching.25,51,52 The same level of defect-derived eﬀects
should also be expected in the photoexcited state redox
processes relevant to the energy conversion.
Other GQDs. Most of the reported GQDs have been small
pieces of rGOs, as highlighted above for some of those closer to
single-layer graphene pieces, and also pieces from few-layer
graphene sheets (GNs). In fact, the multilayer GQDs are
essentially naked (without deliberate passivation or functionalization) graphitic nanoparticles, namely carbon nanostructures containing ordered graphitic layers, though their being
naked has not always been the case because of some of the
methods used for their syntheses.
Pan et al. applied a hydrothermal method to cutting partially
reduced GOs into small pieces as GQDs (1−2 nm in thickness
and about 10 nm in average diameter).53 With UV excitation,
these GQDs exhibited blue emissions of quantum yields about
7%, comparable to those found in luminescent carbon
nanoparticles. Interestingly, the same group reported that the
similarly prepared GQDs of somewhat diﬀerent physical
dimensions were capable of emitting in the green, with
quantum yield about 7.5% at 420 nm excitation.54 On the
other hand, Sun et al. recently did similar cutting of the GOs
from modiﬁed Hummers’ method into small pieces as GQDs
(average thickness around 1.3 nm) but found only rather weak
photoluminescence emissions in the blue to green spectral
region (quantum yields around 1%, improved to 3% upon
hydrothermal treatment of the sample).55 Li et al. used
microwave irradiation of GOs under acidic conditions to obtain
GQDs of greenish-yellow emissions at 360 nm excitation, with
quantum yields close to 12%.56 There have been other similar
studies with somewhat altered experimental strategies, thought
a common attribute of the various GQDs is the photoluminescence emissions being nonband-gap in nature, primarily
due to structural and/or edge defects in the graphitic
nanomaterials, as discussed in the report by Galande et al.57
The term “quasi-molecular ﬂuorescence” was used to describe
the defect-derived emissions, which were mechanistically
rationalized as being from “carboxylic acid groups electronically
coupled with nearby atoms in polycyclic aromatic compound
like moieties” in these partially reduced GO pieces.57
As discussed above, the available experimental results have
suggested that even in single-layer graphene sheets the defectderived photoluminescence emissions are much brighter than
the ﬂuorescence due to band gap transitions. The passivation of
the defects through chemical functionalization or other
modiﬁcations, including even the passivation eﬀect by solvent
molecules,27 would result in the emissions being enhanced
substantially. However, these passivated GQDs are conceptually and structurally little diﬀerent from carbon dots, sharing
essentially the same mechanistic framework. Highlighted below
are representative recent examples for GQDs with deliberate
defect passivation through chemical functionalization or other
strategies.
Shen et al. used the PEG diamine (PEG1500N) to passivate
GQDs (small pieces of rGOs) to signiﬁcantly increase the
photoluminescence quantum yields, more than doubling those
at corresponding excitation wavelengths in GQDs without the
surface passivation.58 Xue et al. introduced polyethylenimine
into the hydrothermal cutting of GOs, coupled with ultraﬁltration to isolate the targeted GQDs exhibiting enhanced
photoluminescence emissions.59 Tetsuka et al. synthesized

Figure 7. Top: Cartoon illustration on amine-functionalized GQDs
(af-GQDs). Bottom: (a) Emission images of af-GQDs dispersed in
water (upper) and af-GQD@polymer hybrids (lower) under
irradiation from a 365 nm UV lamp. (b) Photoluminescence and
selected UV/vis absorption spectra of af-GQDs.60 Reprinted with
permission from ref 60. Copyright 2012 John Wiley and Sons.

The photoluminescence emissions in GQDs of the diﬀerent
kinds, from the predominantly π-islands to small pieces cut
from GOs, are generally in the blue and to a limited extent
green spectral regions under UV excitation. The observed
emission spectra are mostly broad, and mechanistically they are
dominated by defect-derived contributions even in the GQDs
with isolated π-domains for band gap transitions, because the
emissions due to defects and especially passivated defects are
much brighter. Therefore, like in carbon dots, defects in GQDs
play a critical role in dictating the photoexcited state properties
and their associated redox processes, and it is in this regard that
GQDs share essentially the same mechanistic framework with
carbon dots.
Nitrogen-Doped GQDs. The optical properties associated
with defects in carbon nanostructures are apparently not
negatively aﬀected by the presence of other elements such as
nitrogen in the structure or on the surface, and in some cases
the doping with nitrogen actually enhances photoluminescence
emissions signiﬁcantly.62 For example, GQDs structurally
doped with nitrogen, or “N-GQDs”, were prepared in
hydrothermal processing with citric acid and ethylene diamine
as the carbon and nitrogen sources, respectively, and bright
blue photoluminescence emissions were observed.62 Similar NGQDs exhibiting bright green emissions at 390 nm excitation
were obtained from one-pot solvothermal synthesis with DMF
as both solvent and nitrogen source.34 More recently, Wang et
al. reported on the synthesis of crystalline GQDs by the
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Figure 8. Left: Cartoon illustrations on the high-pressure optical reactor (upper); the photoreductive doping of the carbon dot with gold, completely
quenching the dot surface-based ﬂuorescence (illustrated as the change of the dot surface from rainbow to gray, lower-left); and the gold-doped
carbon dot as photocatalyst for CO2 conversion (lower-right). Right: The increase in the photoproducts formic acid (o) and acetic acid (□) with the
increasing CO2 pressure in reactions under otherwise the same experimental conditions.69

other carbon-based QDs were used as photocatalysts in CO2
reduction and for the generation of H2 from water-splitting.
Photocatalytic CO2 Reduction with Carbon Dots or
the Like. Again conceptually similar to the photoinduced
redox processes in conventional nanoscale semiconductors, in
carbon dots the photoexcitation results in rapid charge
separation for the formation of electrons and holes, which are
likely “trapped” at various surface sites stabilized (protected
from quenching eﬀects) by the surface passivation (Figure 4).
The photogeneration of these redox species and their
associated properties make carbon dots “nanoscale semiconductor-like” in terms of driving photocatalytic processes.
Indeed, it has been demonstrated that carbon dots with surface
passivation by amino or other molecules are capable of serving
as visible-light photocatalysts for CO2 reduction in aqueous
solution (Figure 8).67−70 More speciﬁcally, the carbon dots
with the surface functionalization by the PEG diamine
(PEG1500N) or 2,2′-(ethylenedioxy)bis(ethylamine) (EDA)
molecules were irradiated with visible light in an aqueous
solution saturated with CO2 (or NaHCO3 as the CO2 source)
and the presence of a sacriﬁcial electron donor like isopropanol,
and the reactions were monitored by the detection and
quantiﬁcation of formic acid as the primary product (Figure
8).70 There was signiﬁcant production of formic acid from the
reactions, around 40 μmol g−1 h−1, better than the performance
with the use of colloidal TiO2 (Degussa P25) and UV
irradiation.70 Since carbon dots are carbon-containing photocatalysts, potential involvement of the carbon associated with
the core carbon nanoparticles was a concern, and elaborate
control experiments with the use of 13C-labeled CO2 source as
well as deuterium-labeled water were performed to conﬁrm the
role of carbon dots in the reactions as photocatalysts, not
reactants.69,70 The photocatalytic reduction results have also
contributed to the further understanding of the presently
adopted mechanistic framework for carbon dots, providing
valuable experimental evidence for the presence of photoinduced charge separation to form harvestable electrons and
holes in carbon dots, as suggested separately by the
ﬂuorescence quenching results (Figure 4).39,42,43

nitration of pyrenes, followed by hydrothermal treatment in
alkaline solutions with hydrazine hydrate and ammonia, and the
GQDs were found to be strongly absorptive and emissive in the
visible spectral region.63
Yeh et al. doped GO-like nanostructures with nitrogen to
aﬀect the photoexcited state properties for the use of these
materials as photocatalysts.64 Conceptually somewhat similar
has been the preparation of carbon-based composite or hybrid
nanostructures for the purpose of improved excited state redox
characteristics.65 These nanomaterials, many of which are
photocatalysts, have been designed for potential applications in
various energy conversion systems.

■

PHOTOCATALYTIC ENERGY CONVERSION
Solar-driven conversion of CO2 into small molecular fuels is
considered as not only an alternative to photovoltaics in the
harvesting of solar energy but also an ultimate solution to the
growing environmental challenge on carbon sequestration.
Semiconductor nanomaterials like colloidal TiO2 and CdS as
representative examples have traditionally been employed as
photocatalysts in the relevant reactions. However, many of
these nanoscale semiconductors used for this purpose are
absorptive only or mostly in UV, so that dye sensitization has
been a popular approach to extend the photon harvesting into
the visible.66 Conceptually similar has been the use of
semiconductor-carbon nanocomposites as photocatalysts to
take advantage of the optical absorption by nanoscale carbon in
the visible spectrum. As shown in Figure 2, the core carbon
nanoparticles in carbon dots are strongly absorptive over the
UV/vis, extending into the near-IR. The photoexcitation in
carbon dots drives the excited state redox processes, which are
not only responsible for the observed ﬂuorescence emissions
but also make the associated electrons and holes available for
the catalytic energy conversion reactions.67−69 The same
mechanistic framework and photocatalytic activities are
apparently shared by those GQDs and other carbon-based
QD-like nanomaterials in which the photoinduced redox
processes are dominated by defects (Figure 5).25 Highlighted
here are some representative studies in which carbon dots and
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In colloidal TiO2 and other nanoscale semiconductors for the
photocatalytic conversion, it has been well-established that the
doping or coating of the catalysts with a noble metal, which
concentrates the photogenerated electrons against their wasteful recombination with the holes, could improve the photocatalytic conversion substantially.66 The same strategy was
applied to carbon dots, with their doping by gold or platinum
achieved in photoreductive deposition in aqueous solution of
the corresponding metal salt, which was in fact itself a
photocatalytic reaction based on carbon dots as photocatalysts.67−69 For the gold- or platinum-doped carbon dots
as photocatalysts (Figure 8), the CO2 photoconversion was
found to be considerably more eﬃcient.67 Beyond formic acid,
other photoproducts have been identiﬁed, in which the
characterization and quantiﬁcation of acetic acid are particularly
signiﬁcant,69 as the photoreduction of CO2 to acetic acid
requires overall eight electrons, regardless of any detailed
mechanisms.71
2CO2 + 8H+ + 8e− → CH3COOH + 2H 2O

pressure. Because all other experimental conditions of the
photoreduction reaction were kept the same except for the CO2
pressure (thus correspondingly concentration), the number of
photons harvested by the carbon dots as photocatalysts should
be constant. Therefore, the observed increase in formic acid
production at the high CO2 pressure should be a reﬂection of
the same magnitude of increase in the reaction quantum yield
for this photoproduct.69 This is unique, as no reports are found
on similar results with the use of conventional semiconductor
photocatalysts. Nevertheless, the substantially enhanced photoconversion in aqueous solution under higher CO2 pressures is
not only important mechanistically, suggesting the role of the
CO2 concentration in the harvesting of photogenerated
electrons in carbon dots, but also valuable technologically,
with pressurized CO2 as a more favorable reaction condition to
yield larger quantities of the photoproducts.
The photocatalytic characteristics of carbon dots were also
exploited in the fabrication of rGO nanocomposites with gold
nanoparticles.75
GQDs for Photocatalytic CO2 Conversion. In contrast to
their popularity in studies of photoluminescence emissions,
GQDs without surface passivation (thus “naked” when
suspended in a solvent) have apparently generated only limited
interest in terms of their serving as photocatalysts for CO2
conversion. Among scarce reports in the literature was the one
due to Chen and co-workers on the GOs as photocatalysts for
CO2 conversion to methanol with simulated solar-light
irradiation.76 The conversion rate was relatively low, 0.172
μmol g−1 h−1, but still approximately 6-fold better than that of
the reference with the use of TiO2 in the same study.76
Similarly, the photocatalytic functions of GOs were exploited
for the photoreduction of noble metal ions into corresponding
metals, which were deposited on the surface of GOs.77,78 The
conception and results of the photocatalytic reduction and
deposition of noble metals were the same as those used in the
preparation of the metal-doped carbon dots as photocatalysts
for CO2 conversion reactions,67−69 but no such applications
were explored with the metal-doped GOs.
One possible explanation on a general lack of popularity with
naked GQDs in photocatalytic conversion of CO2 is with their
less robust photoexcited state redox properties, as the CO2
conversion represents one of the most challenging photocatalytic reactions. Supporting such an explanation are the
results from the evaluation on using naked carbon nanoparticles
as photocatalysts.70 Without any deliberate surface functionalization by organic or other molecules, small carbon nanoparticles, especially those processed by the oxidative acid
treatment, could be dispersed to form relatively stable aqueous
suspensions.28 The suspended carbon nanoparticles could also
harvest visible photons for the photoreductive deposition of a
noble metal like gold or platinum to yield metal-doped carbon
nanoparticles.28 The carbon nanoparticles without metal
doping were found to be generally poor in photocatalytic
performance in the CO2 reduction, whereas those with gold
doping exhibited signiﬁcant improvements, though still not
competitive to their surface-passivated counterparts.70 Mechanistically, the photocatalytic performance might be associated
with the relative stability of the photogenerated redox species in
carbon nanoparticles, which is likely enhanced substantially by
the surface passivation in carbon dots for protection against
quenching eﬀects. The same stability of redox species may be
correlated with the brightness in photoluminescence emissions,
as carbon nanoparticles are only weakly photoluminescent in

(1)

where the electrons are typically from sacriﬁcial electron
donors. All of the proposed mechanisms in the literature on the
conversion to acetic acid invoked the involvement of other
small organic molecules as intermediate products,66,69,72 not
only suggesting complexity in the photoreduction reactions but
also supporting the notion that carbon dots are uniquely
capable visible-light photocatalysts for the CO2 conversion.
The same photodeposition reaction could be used for the
doping of carbon dots with silver, though the resulting
photocatalysts appeared somewhat less eﬀective in comparison
with their gold- or platinum-doped counterparts. In a related
recent study by Choi et al.,43 the photodeposition method was
used to prepare carbon dots with the dot surface decorated by
silver nanoparticles. In the preparation, PEG-passivated carbon
dots obtained from the decomposition of cyclodextrin were
photoirradiated with UV light in the presence of AgNO3. The
resulting silver nanoparticle-decorated carbon dots were found
to be sub-10 nm in sizes in TEM imaging.43 The same method
was further applied to making the silver nanoparticles more
signiﬁcant, with the resulting nanostructures characterized as
“heterodimeric silver−carbon dot nanoparticles”, and the
eﬀective quenching of ﬂuorescence in carbon dots by the
presence of neighboring silver nanoparticles was observed.73
Similarly, Mazzier et al. exploited the electron-donating
character of photoexcited carbon dots to grow silver nanoparticles on the surface of carbon dots.74 The results again
served as experimental evidence for the availability of
photogenerated electrons in carbon dots that could be
harvested for productive purposes.
An interesting observation in the use of carbon dots as
photocatalysts for CO2 reduction was the apparent CO2
concentration dependence of the product yields, higher at a
higher CO2 concentration.69 Experimentally, the CO2 concentration variations were achieved with varying CO2 pressures
over an aqueous solution in a high-pressure optical cell, with
again the gold-doped carbon dots as photocatalysts for visiblelight excitation (Figure 8) and isopropanol as sacriﬁcial electron
donor. The formic acid production obviously increased more
signiﬁcantly with the increasing CO2 pressure (Figure 8) and
thus correspondingly increasing CO2 concentration in the
aqueous solution. At 1,900 psia (about 1.37 M CO2 in the
solution), the amount of formic acid was more than an order of
magnitude higher than that produced under ambient CO2
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composites with low defect densities in the graphene were
signiﬁcantly better than bare TiO2 in the visible-light
photoreduction of CO2 into methane.84 They also found that
the dimension of the carbon nanomaterial played a role in
determining the spectral response of the composite photocatalysts, and thus the reaction speciﬁcity in CO2 photoreduction.85 Wang et al. used graphene-WO3 composites from
hydrothermal processing for the photoreduction of CO2 to
methane under visible light irradiation (production rate ∼0.11
μmol/h).86 Lv et al. also applied hydrothermal processing to
the preparation of a composite containing Ni/NiO, rGOs, and
Ta2O5 for the photocatalytic reduction of CO2 (or CO2/
NaHCO3) and H2O to methanol and H2 under UV light.87
Tu et al. fabricated hollow spheres with alternating Ti0.91O2
nanosheets and graphene nanosheets for the photocatalytic
CO2 conversion to CO and CH4, with observed production
rates of 8.91 μmol g−1 h−1 and 1.14 μmol g−1 h−1,
respectively.88 In a related study, 2D sandwich-like grapheneTiO2 hybrid nanosheets were prepared by using an in situ
simultaneous reduction-hydrolysis technique and used as
photocatalysts for CO2 conversion to hydrocarbons (CH4
and C2H6) in the presence of water vapor, with the highest
production rates of 8 μmol g−1 h−1 for CH4 and 16.8 μmol g−1
h−1 for C2H6.89
The composite or hybrid nanostructures have also included
those containing nitrogen atoms for their serving as photocatalysts in the CO2 conversion,90−92 especially the stacked 2D
graphite-like structures called graphitic carbon nitride (g-C3N4,
Figure 10). For example, Dong et al. synthesized g-C3N4 by

the visible, but upon their eﬀective surface passivation via
chemical functionalization to become carbon dots, the
emissions are dramatically enhanced.
Other Carbon-Based QD-Like Photocatalysts for CO2
Conversion. The photon-harvesting capabilities of carbonbased QDs or nanoscale carbon entities in general have been
explored for nanocomposite or other hybrid photocatalysts,
especially those for visible-light excitation.65,79,80 These are
both conceptually and practically similar to photocatalysts of
dye-sensitized semiconductor nanostructures,66 except that
here the nanoscale carbon domains are also themselves
involved directly in the photoinduced redox processes.
In graphene composites, for example, the graphene acts
either as a functional component or as a substrate for
immobilizing other components. Its large speciﬁc surface area
coupled with high conductivity facilitates charge transfer,
transport and subsequent redox reactions, as well as provides
mechanical strength for the composite structure.65,79,80 Li et al.
investigated the use of rGO-ZnO nanocomposites for CO2
photoreduction to methanol, obtaining a production rate of
4.58 μmol g−1 h−1 under simulated sunlight.81 Tan et al.
prepared rGO-TiO2 nanocomposites for the CO2 conversion to
methane under visible light, with a formation rate of 0.135
μmol g−1 h−1 (Figure 9).82 An et al. synthesized rGO-Cu2O
nanocomposites for the CO2 conversion to CO with 400 nm
light, achieving approximately 0.34% in quantum yield.83
Hersam and co-workers reported that graphene-TiO2 nano-

Figure 10. Representative chemical structure of g-C3N4, with carbon
atoms in gray and nitrogen atoms in blue.91

heating melamine for the visible-light (wavelength longer than
420 nm) photoreduction of CO2 into CO in the presence of
water vapor (∼1.9 mM/h production rate).93 Mao et al.
prepared g-C3N4 from the pyrolysis of urea for the visible-light
photocatalytic conversion of CO2 into methanol (6.28 μmol
g−1 h−1) and ethanol (4.51 μmol g−1 h−1), with an overall
quantum eﬃciency of 0.18%.94 Niu et al. reported on the
product selectivity in CO2 photoconversion depending on the
band structure of g-C3N4, with the bulk g-C3N4 of 2.77 eV in
bandgap corresponding to CH3CHO as the major product and
the g-C3N4 nanosheets of 2.97 eV in bandgap to CH4 as the
major product.95 Zheng et al. recently synthesized helical gC3N4 rods on a chiral mesoporous silica template for their
serving as photocatalysts in the CO2 conversion, yielding CO
(8.9 μmol h−1) and H2 (0.3 μmol h−1) as major gaseous
products with Co(bpy)3Cl2 as a redox mediator and triethanolamine as an electron donor in acetonitrile under visible-light
(wavelength longer than 420 nm) irradiation.96

Figure 9. Top: Schematic illustration on the charge transfer and
separation in the rGO-TiO2 composite for the photoreduction of CO2
under visible-light irradiation. Bottom: Time-dependent photocatalytic
formation of methane over pure anatase TiO2, graphite oxide, and
rGO-TiO2 under visible-light irradiation.82 Reprinted with permission
from ref 82. Copyright 2013 Springer.
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search and development of potent visible-light photocatalysts
for ultimately solar H2 production.65,91,103 Again with the
absorption of core carbon nanoparticles overlapping with the
solar spectrum for much of the visible (Figure 2), carbon dots
have been explored as photocatalysts for H2 generation from
water-splitting.67,104−107
Cao et al. demonstrated the use of PEG1500N-functionalized
carbon dots, with the doping of gold or platinum metal, for the
visible-light photocatalytic H2 generation from water.67 There
have also been some limited explorations on the use of GQDs
without any surface modiﬁcation or other neat carbon
nanostructures as photocatalysts for water-splitting.65,91,108
More popular and eﬀective have been the photocatalysts
based on nanocomposites containing GQDs or the like, or the
hybrid nanostructures in which the nanoscale carbon serves
essentially the role of visible-light photosensitizer.80 The
materials development for these photocatalysts and their
applications have been largely similar to those in the CO2
conversion discussed above.
Among representative examples, Yu et al. prepared carbon
nanocomposites with TiO2 for water-splitting under either UVor visible-light illumination.104 The observed highest hydrogen
production rate was about 9.1 μmol/h, several times higher
than the rate obtained with neat TiO2 photocatalysts.104 Wang
et al. applied hydrothermal processing to vitamin C as the
carbon source to obtain carbon-TiO2 composite photocatalysts
for H2 generation, with the highest production rate up to 739
μmol h−1 g−1.107 Further performance improvements were
achieved with TiO2 nanowires in the composite photocatalysts.107 Similarly, composite nanostructures of carbon
with various combinations of ZnS, CdSe, TiO2, Ag, and/or
Ag3PW12O40 were developed for the purpose of photocatalytic
H2 generation from water.109−111
The carbon-based nanoscale entities in composite photocatalysts could be graphene, GOs, and/or g-C3N4. In the early
work by Yeh et al.,108 the H2 production was achieved by
photoirradiating a solution of GOs in water−methanol, where
the role of methanol was to serve as a sacriﬁcial electron donor.
In their recent study, the GOs were nitrogen-doped in order to
move the light absorption by the photocatalysts to the visible.64
Li et al. used GOs as support for CdS nanoclusters in the
solvothermal synthesis, followed by the deposition of Pt
nanoparticles as cocatalysts.112 With the resulting photocatalysts, an H2 production rate of 1.12 mmol/h was achieved
under visible-light irradiation.112 Xiang et al. coupled graphene
with g-C3N4 for use as photocatalysts, with Pt as a cocatalyst,
achieving a H2 evolution rate ∼451 μmol h−1 g−1 under visiblelight irradiation, better performance than that with only gC3N4.113 The approach for composite photocatalysts apparently
has few limits, with a number of more complex nanostructures
and conﬁgurations already explored.65
Some of the photocatalysts have also been used in the
photoelectrochemical water-splitting for H 2 generation.105,106,110,114 For example, Zhang et al. used TiO2
nanotube array loaded with carbon quantum dots as photoanode in photoelectrochemical cell.105 Meng and co-workers
combined GQDs with TiO2 nanotube array and also the array
modiﬁed by CdS for their evaluation in photoelectrochemical
hydrogen production under simulated sunlight.114
The studies highlighted above have shown clearly that
nanoscale carbon particles, graphitic pieces (graphene or rGO
sheets), or domains in composite nanostructures not only serve
the function of dyes in dye-sensitized semiconductor photo-

There have also been various modiﬁcations to g-C3N4
targeting improved photocatalytic performance.91,92 For
example, Yu et al. prepared Pt-doped g-C3N4 as photocatalysts
for the CO2 reduction into CH4, CH3OH, and HCHO under
simulated solar irradiation.97 Similarly, Au or Ag nanoparticles
were photochemically deposited onto g-C3N4, with the
resulting photocatalysts exhibiting improved performance in
the CO2 conversion to CH3OH, HCOOH, and CH4 under
visible light irradition.98 In another approach, Wang et al.
prepared graphitic carbon nanocomposites with mesostructured
TiO2 as photocatalysts for the conversion of CO2 to CH4 (1.53
μmol g−1 h−1) and CO (10.05 μmol g−1 h−1) under simulated
solar irradiation.99 Recently, Maeda et al. developed hybrid
photocatalysts consisting of carbon nitride (C3N4) and a small
amount of ruthenium complex for the visible-light photoreduction of CO2 into formic acid (∼431 μmol g−1 h−1), with
an apparent quantum eﬃciency of up to 1.5% for 400 nm light
irradiation.100 In further investigation they found that the
photoactivity was sensitive to speciﬁc surface area and
crystallinity of the C3N4, but largely insensitive to the pore
size and the volume.101 Similarly, the cobalt complex
Co(bpy)3Cl2 was combined with g-C3N4 for being used as
photocatalysts in the conversion of CO2 to CO (1.85 μmol
h−1), with triethanolamine as the electron donor and hydrogen
source.102
For the study of carbon-based QD-like photocatalysts for
CO2 reduction in general, a reviewer of this article made some
valuable points, which should be considered in further
investigations. One is on the need to look at and specify the
source of the electrons, as correctly stated by the reviewer that
the “CO2 reduction does not occur without oxidation of
something else”, namely the electrons needed for the
photocatalyzed CO2 reduction have to come from somewhere.
This has not been a critical issue so far probably because the
conversion yields have generally been very low, thus only a
small number of electrons are needed, which might come from
organic residues in the reaction even without a purposely added
sacriﬁcial electron donor. The other is on the popular use of
photoproduct formation rates for the evaluation of photocatalyzed CO2 reduction. Again correctly pointed by the
reviewer: “While the rates are indeed important, they are
meaningless unless one knows the light source (wavelength and
intensity).” Experimentally, measurements for the rates are
apparently easier than those for the quantum yields, as for the
latter an accurate determination on the number of photons
absorbed by the photocatalysts is more diﬃcult (especially in
more turbulent reaction mixtures with substantial light
scattering). Therefore, more eﬀort is required for the
measurement of quantum yields and for their correlations
with the rates, including those already available in the literature.
Photocatalytic Generation of H2 from Water-Splitting.
In the photocatalytic water-splitting reaction, the photogenerated electrons and holes act as reducing and oxidizing
agents, producing H2 and O2, respectively. The eﬃcient
separation of the gases thus produced is generally a challenge,
so a popular strategy has been the reduction for H2, coupled
with the use of a sacriﬁcial electron donor to scavenge the
holes.5,65,91,103 Thermodynamically, the minimal photon energy
required to drive the reactions is in theory about 1.23 eV
(∼1,000 nm), but in practice somewhat higher, close to 1.35 eV
(∼920 nm) to account for various energy losses.103 Therefore,
photons over the entire visible spectrum are capable of driving
the reactions, so that there has been extensive eﬀort on the
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Table 1. Summary of Relatively High-Yield Photocatalytic Reactions with Carbon-Based Quantum Dots
CO2 photoreduction
carbon-based quantum dots
carbon dots

photocatalyst
carbon dots
Au-doped carbon
dots

other carbon-based QD-Like
nanomaterials

GO
rGO-ZnO
graphene-TiO2

g-C3N4

C3N4- ruthenium
complex

product yield
formic acid
40 μmol g−1 h−1
formic acid
1.2 mmol g−1h−1
acetic acid
0.06 mmol g−1 h−1
methanol
20 μmol g−1h−1
methanol
4.58 μmol g−1 h−1
methane
8 μmol g−1h−1
ethane
16.8 μmol g−1 h−1
methanol
6.28 μmol g−1h−1
ethanol
4.51 μmol g−1h−1
formic acid
431 μmol g−1 h−1

H2 generation
quantum yield
(%)

photocatalyst

H2 generation
−1

424 μmol g

117

GO

2.8 mmol h−1

81

carbon-TiO2

739 μmol g−1 h−1

89

Pt/CdS-GOs

1.12 mmol h−1

0.18

94

Pt/graphene/
g-C3N4

451 μmol g−1 h−1

1.5

100

70

up to 1−3

69

0.044

quantum
yield (%)

−1

carbon dots

0.1−0.2

h

ref.
116

2.17

108
107

22.5

112

2.6

113

QDs are certainly in demand. For photocatalytic energy
conversion applications, composite, or hybrid nanostructures
derived from the carbon-based QDs may represent a more
promising platform, and signiﬁcant advances in high-yield CO2
photoconversion and water-splitting may be expected.

catalysts but also participate directly in the photoreduction
reactions for CO2 conversion and water-splitting (Table 1).
Particularly interesting and promising for further development
are carbon-based nanocomposite or hybrid photocatalysts,
providing competitive alternatives to the presently dominating
conventional semiconductor-based systems and unique opportunities.
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emerged to become an important research ﬁeld that is still
experiencing rapid advances, as reﬂected by the large number of
recent publications. While most of the research and development eﬀort has been on their photoluminescence properties,
which are often considered as being characteristic of QDs, the
photoinduced redox processes in these nanomaterials relevant
to various energy conversion schemes are clearly attracting
growing attention. Among the superior and/or unique features
of carbon-based QDs are their broad and strong absorption
across a major portion of the solar spectrum, eﬃcient charge
separation upon photoexcitation, and subsequent formation of
electrons and holes that can drive productive chemical reactions
(CO2 reduction and H2 generation from water-splitting in
particular). The fact that carbon at the nanoscale (speciﬁcally
small carbon nanoparticles with only a limited content of
randomly mixed graphitic structures) could function similarly
to conventional nanoscale semiconductors challenges the
presently established theoretical frameworks on electronic
structures and transitions, in which a clear distinction between
a molecule and a size-wise comparable nanoscale solid (a C60
molecule vs a carbon nanoparticle of 1 nm in diameter, for
example) is still needed or to be improved. What makes the
nanoparticle distinct is the presence of structural and/or
surface-edge defects, which apparently play a dominating role in
carbon dots, GQDs, and their various “derivatives” in terms of
photoexcited state properties and redox processes. Investigations for further mechanistic understanding of carbon-based
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ABSTRACT: Carbon nanoparticles are in all of the carbon nanomaterials that
are presently widely pursued for potential bioapplications, but their in vivo
biodistribution-related properties are largely unknown. In this work, highly 13Cenriched carbon nanoparticles were prepared to allow their quantiﬁcation in
biological samples by using isotope-ratio mass spectroscopy. The in vivo
biodistribution results are presented and discussed, and also compared with those
of the aqueous suspended carbon nanotubes reported previously. The distribution
proﬁle and time dependencies are largely similar between the nanoparticles and
nanotubes, with results on both suggesting meaningful accumulation in some
major organs over an extended period of time. Therefore, the surface modiﬁcation
of carbon nanoparticles, preferably the chemical functionalization of the
nanoparticles with biocompatible molecules or species, is desirable or necessary
in the pursuit of these nanomaterials for various bioapplications.
KEYWORDS: carbon nanoparticles, biodistribution, carbon nanotubes, toxicity, 13C labeling, isotope-ratio mass spectroscopy

■

INTRODUCTION

For potential bioapplications of carbon nanotubes, dots, or
other nanomaterials, the properties and behavior of carbon
nanoparticles in vitro and in vivo are of signiﬁcant interest, as
these particles are generally present in the samples as
unavoidable impurities or the functionalized particles may
become “naked” due to defunctionalization in metabolic or
other processes.17 There have been a few cytotoxicity studies of
nanoscale carbon particles in recent years.18−21 For example,
Ray et al. evaluated the acid-puriﬁed carbon nanoparticles in
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and Typan blue assays with HepG2 cells and found
no signiﬁcant cytotoxicity.18 Zhao et al. prepared carbon
nanoparticles by electro-oxidation of graphite in aqueous
solution, and examined and conﬁrmed the biocompatibility of
these nanoparticles with respect to 293T human kidney cells.19
Liu et al. harvested nanoparticles from the carbon soot
produced in arc-discharge of graphite rods, and reﬂuxed the
nanoparticles in aqueous nitric acid to induce oxidative moieties
such as carboxylic acids onto the particle surface.20 These

Carbon nanomaterials have attracted much recent attention for
their potential applications in biology and medicine.1−3 Among
the widely studied carbon nanomaterials, however, carbon
nanoparticles almost always play a signiﬁcant role, either as
primary components or as residues or even unwanted yet
unavoidable impurities. For example, samples of single-walled
carbon nanotubes (SWNTs) after puriﬁcation in various
established methods generally still contain a signiﬁcant amount
of nanoscale carbonaceous materials,1,4−6 which might be
loosely considered as carbon nanoparticles. The presently
extensively pursued graphene materials may also have carbon
nanoparticles as impurities. In fact, puriﬁcation methods for
preparing pure carbon nanotubes or graphene sheets may even
create nanoscale carbon particles as fragments from breaking up
the targeted carbon nanomaterials under harsh processing
conditions, such as in oxidative acid treatment with prolonged
sonication.7 More recently, carbon nanoparticles have been
exploited as precursors for a new class of ﬂuorescent
nanomaterials, dubbed “carbon dots”, which are generally
deﬁned as small carbon nanoparticles with various particle
surface passivation.8−16
© 2014 American Chemical Society
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carbon nanoparticles could be dispersed in aqueous solution for
cytotoxicity evaluations, and the results suggested that the
particles were nontoxic to human adenocarcinoma lung
adenocarcinoma and human colorectal adenocarcinoma HT29 cells.20
Small carbon nanoparticles with the particle surface functionalized with oligomeric poly(ethyelene glycol) have also been
evaluated in vivo, for which the aqueous solution of the
functionalized nanoparticles was injected into mice intravenously.22 No signiﬁcant toxic eﬀects were observed, thus
supporting the notion that well-functionalized and solubilized
carbon nanomaterials are generally less toxic.1,23 However, in
light of the substantial diﬀerence in toxicity behavior between
puriﬁed pristine carbon nanotubes and their soluble functionalized counterparts,24−28 a determination on the biodistribution
of naked small carbon nanoparticles in vivo should prove
valuable in general, and in particular to the development of the
recently widely pursued ﬂuorescent carbon dots for bioapplications, as carbon nanoparticles are the cores in carbon dots.3,8
In this work, we prepared highly 13C-enriched carbon
nanoparticles to allow their quantiﬁcation in biological samples
by using isotope-ratio mass spectroscopy. The in vivo
biodistribution results are presented and discussed, and also
compared with those of the aqueous suspended SWNTs
reported previously.24 There are apparently signiﬁcant
similarities between the nanoparticles and nanotubes in their
in vivo distributions over the monitored time period (up to 28
days), with results on both suggesting meaningful accumulation
in some major organs. The comparison has also helped to
clarify some of the issues on the in vivo behavior of carbon
nanotubes, such as the possibility with respect to crossing the
blood brain barrier.

Figure 1. Absorption (ABS) and ﬂuorescence (FLSC, 440 nm
excitation) of the aqueous dispersed carbon nanoparticles. Inset: photo
showing a typical stable aqueous dispersion.

■

RESULTS AND DISCUSSION
Carbon soot with 13C enrichment was produced in the arc
discharge of graphite rods.24 In the experiment, a solid graphite
rod acquired commercially was used as the cathode, and the
same kind of rod was modiﬁed for the use as the anode. The
modiﬁcation was such that the graphite rod was made hollow
by using a driller, followed by ﬁlling the hollow cavity with a
mixture of 13C powders and carbon cement. Upon the
completion of the arc discharge production, the carbon soot
was harvested and processed in terms of vigorous sonication
and reﬂuxing in aqueous nitric acid, coupled with subsequent
dialysis and centrifugation, to yield an aqueous suspension of
small carbon nanoparticles with a substantial 13C enrichment.
With the stable suspension (Figure 1), optical absorption, and
ﬂuorescence measurements could readily be performed. Also
shown in Figure 1 are the observed UV/vis absorption and
ﬂuorescence emission spectra of the aqueous suspended carbon
nanoparticles.
The carbon nanoparticles in the aqueous suspension were
generally small, less than 10 nm in average diameter, as
conﬁrmed by results from the atomic force microscopy (AFM)
characterization (Figure 2) and transmission electron microscopy (TEM) imaging (Figure 3). The particles were found to
be mostly amorphous in powder X-ray diﬀraction analyses and,
as expected, to have substantial defects (likely on the particle
surface) according to Raman results showing a relatively intense
D-band (Figure 4). Because of the carbon nanoparticles being
very small, their aqueous suspensions prepared from the
vigorous centrifugation in a high-speed centrifuge (up to 390
000g) were solutionlike (Figure 1), stable with respect to the

Figure 2. AFM images with height analysis results for the carbon
nanoparticles on mica substrate.

Figure 3. High-resolution TEM images of the carbon nanoparticles.

absence of any precipitation over an extended period of time
(at least several months). The suspensions could be used
directly in cytotoxicity assays, with the results showing no
signiﬁcant toxicities.20
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signiﬁcant. For example, the PEGylated carbon dots exhibited
similarly rapid blood clearance to that of the naked carbon
nanoparticles discussed above, and in fact, the PEGylated
carbon dots were found to nearly complete the renal secretion
in less than 10 h.33 It should be noted that naked nanomaterials
are known to adsorb proteins in bloodstream (not naked
anymore), with the same for the carbon nanoparticles.
Although the eﬀects are mechanistically complex, it is likely
that the protein adsorption in blood triggers the phagocytic
recognition and reticuloendothelial system (RES) capture of
xenobiotics.34
The rapid clearance of the carbon nanoparticles from the
blood steam facilitated their distributions throughout most of
the organs in mice. The mice were sacriﬁced to collect the
organs at various time points postexposure, up to 28 days. The
accumulation levels of the carbon nanoparticles in major organs
and tissues, including heart, liver, spleen, stomach, kidneys,
lungs, intestine, and brain, were determined on the basis of
quantitative 13C isotopic measurements with the isotope-ratio
MS. The biodistribution data thus obtained are shown in Figure
5. Apparently, lungs, spleen, and liver were the organs of

Figure 4. Raman G-band and D-band features of the 13C-enriched
carbon nanoparticles (solid line) shifted from those without the
enrichment (dash-dot line).

The 13C enrichment in carbon nanomaterials has been an
eﬀective way to allow quantiﬁcation of the nanomaterials in
organs and other biological systems by using isotope-ratio mass
spectroscopy (MS).24,26 In this study, a solutionlike aqueous
suspension of the 13C-enriched carbon nanoparticles was
prepared, in which the 13C content was determined by the
MS method. For the isotope-ratio MS, a single focusing
magnetic sector mass spectrometer with ﬁxed multiple
detectors (one per isotope) was used. The method generally
requires the conversion of the sample being tested to simple
molecules prior to the MS measurement. In this study
speciﬁcally, the biological sample (an organ harvested from
mice and then processed, for example) containing carbon
nanoparticles was ﬁrst converted to CO2 and other species, and
the ratio of 13CO2/12CO2 was determined for the desired
quantiﬁcation.
In the experiment for in vivo biodistribution,29,30 the stable
aqueous suspension of the 13C-enriched carbon nanoparticles
was used for the intravenous injection into mice. Following the
injection, the concentration of the nanoparticles in blood
circulation was monitored over time (in terms of isotope-ratio
MS analyses of 13C), and the results suggested that the
concentration decay in vivo was rather fast. It took about 6 h
for the nanoparticles to be largely cleared from the bloodstream. This blood clearance rate for the nanoparticles was
somewhat faster than that previously reported for the similarly
puriﬁed SWNTs in aqueous suspension, even though in the
nanotube case a surfactant was used to assist the dispersion of
SWNTs and also the stabilization of the resulting aqueous
suspension.24 An argument here might be that the carbon
nanoparticles were much smaller in size than the nanotubes.
However, there were also a number of studies suggesting that
smaller particles were slower in blood clearance than their
larger counterparts, as the former could more eﬀectively evade
the reticuloendothelial system, and thus potentially longer
intravascular retention, less macrophage activity, and/or
reduced febrile responses.31,32 For the comparison between
nanoparticles and nanotubes discussed above, the shape of the
nanoscale entities might be playing a signiﬁcant role in the
blood clearance rate. As for the eﬀect of surface modiﬁcation,
the presence of surfactant molecules in the aqueous suspension
of SWNTs might have distorted the intrinsic blood clearance
behavior of the nanotubes. In the case of organic molecules on
the surface of carbon nanoparticles, such as the chemical
functionalization of the nanoparticles in brightly ﬂuorescent
carbon dots,3 the eﬀect on blood clearance is apparently less

Figure 5. Biodistribution results (in the mean SD, n = 4) for the
carbon nanoparticles in various organs of mice at diﬀerent time points
postexposure, presented as (top) the percentage of injected dose per
gram tissue; and (bottom) the percentage of injected dose (thus
emphasizing the weight of each organ).

primary accumulations (Table 1), similar to those found in the
in vivo biodistribution study of aqueous dispersed SWNTs.24
The average total accumulation level in these organs for the
nanoparticles appeared as being higher than that for the
nanotubes (Table 1), for which the presence of a dispersion
agent (the surfactant Tween 80) in the aqueous suspended
nanotubes might be considered.24 However, with the relatively
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Table 1. Percentage of Injected Dose (% ID) per Organ Values for the Carbon Nanoparticles in Major Organs at Diﬀerent Time
Points Are Compared with Those for SWNTsa
liver
1 day
7 day
28 day
a

spleen

lungs

nanoparticles

SWNTsa

nanoparticles

SWNTsa

nanoparticles

SWNTsa

26.2 ± 8.5
40.5 ± 11.4
37.5 ± 5.6

21.1 ± 2.3
18.5 ± 4.4
21.9 ± 3.2

6.4 ± 1.4
6.5 ± 1.4
6.0 ± 2.8

1.2 ± 0.3
1.6 ± 0.3
1.8 ± 0.5

13.7 ± 0.0
9.1 ± 0.7
6.1 ± 1.7

15.0 ± 5.2
13.3 ± 1.9
9.4 ± 3.2

With the presence of surfactant molecules on nanotubes for their dispersion (from ref 24).

literature,2,22,33,42,43 despite the extensive investigations on
carbon nanotubes and more recently graphene materials and
again for the fact that nanoparticles are almost always a part of
the other carbon nanomaterials. A seemingly good news based
on the results from this work is that there are major similarities
in the in vivo biodistribution between carbon nanoparticles and
nanotubes, allowing potentially the extrapolation of the
available results from carbon nanotubes to nanoparticles. For
the former, surface modiﬁcation is known for its major eﬀects,
as highlighted in several recent reviews. For example, AliBoucetta and Kostarelos examined the important factors
aﬀecting the biodistribution and pharmacokinetic proﬁle of
carbon nanotubes following systemic, pulmonary, and dermal
exposure and concluded that the quality of the dispersion,
preferably through chemical functionalization, plays a critical
role.23 The good dispersion of carbon nanotubes as a result of
chemical functionalization generally leads to signiﬁcant and
rapid urinary excretion, in contrast to the preferential and
predominant accumulation of pristine or noncovalently coated
nanotubes in RES organs (liver and spleen).23 Al-Jamal et al.
attributed the latter to possibly in vivo bundling of the
nanotubes.44 The results of carbon nanoparticles and their
surface-functionalized counterparts3,33 are generally similar to
those of the pristine and functionalized nanotubes, respectively,
except that for the nanoparticles without functionalization the
presumably in vivo aggregation may be somewhat less dramatic
because of the particle shape (vs the more severe bundling of
carbon nanotubes). Nevertheless, naked carbon nanoparticles
can be trapped to a signiﬁcant extent and for an extended
period of time in RES organs, suggesting the need for surface
modiﬁcation or functionalization and for the prevention of
carbon dots from surface defunctionalization in various in vivo
applications. This is particularly relevant to the apparent
current divide between ﬂuorescent carbon dots deﬁned as small
carbon nanoparticles with chemically functionalized particle
surface and those of the nanoparticles only with some limited
surface modiﬁcation (such as the introduction of oxygencontaining surface moieties in this work) for the purpose of
aqueous dispersion,3,45 as the latter administered intravenously
are more likely trapped in some major organs.

large error margins of the data, the comparison should probably
be characterized as being qualitatively similar. The similarity
could also be found in the time dependencies of the
accumulation between the carbon nanoparticles and nanotubes
(Table 1).24 The rapid uptake of the carbon nanoparticles was
probably through the mononuclear phagocytes in the RES,
which typically acts as mechanical ﬁlters to eﬃciently entrap
particles in vivo.35 The gradual clearance of the carbon
nanoparticles from lungs over the 28-day observation period
could be attributed to the particles being secreted by the
alveolar macrophage as mucus through mucociliary transport to
leave the lungs.36
In the literature, the general principle for particulates in vivo
is such that those with diameters larger than two microns are
trapped in pulmonary capillary vessel, while those between 100
nm and two microns in diameter are trapped by liver and
spleen.37,38 The carbon nanoparticles in this study were rather
small, mostly on the order of 10 nm or less in diameter (Figures
2 and 3). Therefore, the observed primary accumulation in
lungs would suggest some meaningful aggregation of the
carbon nanoparticles in blood circulation, though the
accumulation level was still lower than what was found for
the similarly puriﬁed and aqueous suspended SWNTs.24 The
results more comparable with those of SWNTs39 are such that
the majority of the entrapped carbon nanoparticles were in the
other two important organs in RES, spleen and liver. Even at 28
days postexposure, the accumulation level in spleen was still
high at about 60% injected dose per gram tissue, and in liver
about 20% injected dose per gram tissue (or about 37% of the
total injected dose because of the large mass of liver, Figure 5).
As for possible excretion pathways, one might be through the
bile to feces,40 and another for these relatively small particles to
pass through kidneys to urine, similar to quantum dots.41
In the previous investigation on the in vivo biodistribution of
the similarly puriﬁed and aqueous suspended SWNTs,24 an
intriguing ﬁnding was on the small amount of 13C detected in
brain tissue, raising the possibility that the nanotubes might be
able to overcome the blood brain barrier. Despite the repeated
electron microscopy search at the time, however, no carbon
nanotubes were found in the brain tissue.24 The results
obtained in this work may prove largely negative to the
possibility, as clearly detectable amounts of the carbon
nanoparticles were in the brain tissues over the 28-day
monitoring period, suggesting that the previous observation
for the nanotube sample was more likely due to the
contribution of nanoscale carbonaceous impurities (or carbon
nanoparticles in particular).24 Nevertheless, while not SWNTs,
the conﬁrmation here that the small carbon nanoparticles could
overcome the blood brain barrier still represents an interesting
ﬁnding with potentially signiﬁcant implications, worthy of
further exploration in future studies.
The in vivo behavior of carbon nanoparticles has largely been
ignored, with only rather limited results available in the

■

SUMMARY AND CONCLUSION
Aqueous dispersed small carbon nanoparticles were investigated for their biodistribution in vivo (mice) and time
dependencies postexposure, with the results ﬁlling pretty much
a void in the study of carbon nanomaterials for bioapplications,
as the fact is that carbon nanoparticles are in all of the carbon
nanomaterials. Similar to pristine carbon nanotubes, the carbon
nanoparticles are captured by RES with signiﬁcant accumulation levels in lungs, spleen, and liver. The distribution proﬁle
and time dependencies are also largely comparable (within
experimental error margins) between the nanoparticles and
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cared by following established protocols in compliance with the
Institutional Animal Care and Use Program Guidelines. After
acclimation, the mice were randomly divided into groups of four
each for the in vivo biodistribution study. Each mouse was exposed
intravenously to 13C-enriched carbon nanoparticles in a single
injection of 200 μg carbon nanoparticles in 200 μL. Mice injected
with 0.9% NaCl aqueous solution were taken as the control group.
At 6 h, 1 day, 3 days, 7 days, and 28 days post-exposure, the mice
were sacriﬁced. The blood and tissue samples (including heart, liver,
spleen, stomach, kidneys, lungs, brain, and intestine) were collected for
13
C abundance measurements. The samples were homogenized,
lyophilized and grounded into ﬁne powder. The quantiﬁcation in
terms of the 13C isotopic abundance was performed on an isotoperatio mass spectroscopy following the protocols already established in
the literature. The δ value from isotope-ratio MS was converted into
13
C/12C ratio (r) following eq 1, where the 13C/12C ratio of the VPDB
standard sample [(13C/12C)standard] was 0.0112372. The r value was
then calculated into percentage of 13C in mass (ω13C) following eq 2.
The amount of 13C-enriched carbon nanoparticles in samples
(m13C−carbon nanoparticles) could be obtained from eq 3, where ωcarbon
from isotope-ratio MS was the content of carbon in the dry sample,
msample the sample weight, mdry and mwet the weights of tissue after and
before drying, respectively. The 13C content in the 13C-enriched
carbon nanoparticles was 15.78%.

nanotubes, despite their obviously diﬀerent shapes and overall
sizes. Although the similarities might be useful in extrapolating
the better known in vivo behavior of carbon nanotubes to that
of the carbon nanoparticles, the same extrapolation of concerns
on carbon nanotubes being trapped in major organs should also
be considered. Therefore, the surface modiﬁcation of carbon
nanoparticles, preferably the chemical functionalization of the
nanoparticles with biocompatible organic molecules for more
ﬂuorescent carbon dots, is desirable or necessary in the pursuit
of these nanomaterials for various bioapplications.

■

EXPERIMENTAL SECTION

Materials. Amorphous 13C powder (99.99% carbon, 13C content
>98%) was supplied by Icon Isotopes, and ﬁne-extruded graphite rods
(carbon content >99.9%) by Graphitestore.com, Inc. Carbon cement
was obtained from Dylon Industries. Cellulose ester dialysis tubing
with a molecular weight cutoﬀ (MWCO) of 500 was purchased from
Sigma.
Measurements. Baxter Megafuge (model 2630) and BeckmanCoulter ultracentrifuge (Optima L90K with a type 90 Ti ﬁxed-angle
rotor) were used for centrifugation at various g values. Crest
Ultrasonics ultrasonic bath (model 950DA) operating in the range
of 50−60 Hz was used in the dispersion of the nanoparticles. UV/vis
absorption spectra were recorded on a Shimadzu UV2101-PC
spectrophotometer. Fluorescence spectra were measured on a Jobin
Yvon luminescence emission spectrometer equipped with a 450 W
xenon source, a Gemini-180 excitation monochromator and a Tirax550 emission monochromator, and a single-photon counting detector
(Hamamatsu R928P PMT operated at 950 V). Atomic force
microscopy (AFM) images were obtained in the acoustic AC mode
on a Molecular Imaging PicoPlus AFM system equipped with a
multipurpose scanner and a NanoWorld Point probe NCH sensor.
The height proﬁle analysis was assisted by using the SPIP software
distributed by Image Metrology. The transmission electron microscopy (TEM) characterization was performed on an Hitachi H-9500
high-resolution TEM system. The quantiﬁcation of 13C content in
various samples was accomplished by using a Sercon Integra CN
isotope ratio mass spectrometer.
13
C-Enriched Carbon Nanoparticles. The carbon soot sample
was produced in the arc-discharge of two graphite rods, one of which
(the anode) was loaded with 13C. For the preparation of the anode
rod, a commercially supplied graphite rod was cut in half to ∼15 cm in
length and then drilled to become hollow, with an inner diameter of
∼4 mm, and the hollow cavity was ﬁlled with a mixture of 13C powders
and carbon cement. The rod was annealed at 800 °C for 8 h in argon
ﬂow (50 sccm, atmospheric pressure). A solid graphite rod was used as
cathode. The arc-discharge was carried out in a water-cooled stainless
steel chamber equipped with an arc length controller (ALC-401,
Jetline Engineering), under helium atmosphere (1 atm) and with a
direct current of 70 A (28 V). The carbon soot on the chamber wall
was collected.
The as-produced carbon soot enriched with 13C was dispersed in
dimethylformamide (DMF) with ultrasonication (Crest Ultrasonics,
Model 950DA, 50−60 Hz) for 24 h, and the resulting suspension was
evaporated to remove DMF for the carbon particles. The particle
sample was reﬂuxed in aqueous nitric acid solution (2.6 M) for 12 h.
Upon being cooled to ambient, the acidic suspension was centrifuged
at 3500g to collect the supernatant, which was then neutralized with
sodium carbonate. The suspension was dialyzed (membrane MWCO
∼ 500) against fresh deionized water for 3 days, followed by
centrifugation at 390 000g to obtain a stable dispersion of the 13Cenriched carbon nanoparticles.
For the TEM characterization, an aliquot of the particle suspension
was diluted. A few drops of the diluted aqueous suspension were
deposited onto a silicon oxide-coated copper grid, followed by the
removal of water via evaporation.
Biodistribution in Vivo. Male CD-1 mice (∼25 g) were
purchased from Peking University Animal Center. The mice were

r=

⎛ δ
⎞
⎜
+ 1⎟(13C/12C)standard
⎝ 1000
⎠

ω13C =

(1)

r13
100%
r13 + 12

(2)

m13C − carbon nanoparticles
=

(

mdry

[ω13C(sample) − ω13C(control)] ωcarbonmsample m

wet

15.78%

)
(3)

13

The content of C-enriched carbon nanoparticles in tissue samples
can be expressed as %ID/g (percentage of injected dose per gram
tissue, eq 4) and %ID (percentage of injected dose, eq 5), where the
dose is the amount of injected 13C-enriched carbon nanoparticles and
msample denotes the weight of the tissue sample.
m13C − carbon nanoparticles
%ID/g =
100%/msample
(4)
dose

%ID =

■

m13C − carbon nanoparticles
dose

100%

(5)
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ABSTRACT: Carbon “quantum” dots (or carbon dots) have emerged as a new
class of optical nanomaterials. Beyond the widely reported bright ﬂuorescence
emissions in carbon dots, their excellent photoinduced redox properties that
resemble those found in conventional semiconductor nanostructures are equally
valuable, with photon−electron conversion applications from photovoltaics to CO2
photocatalytic reduction. In this work we used gold-doped carbon dots from
controlled synthesis as water-soluble catalysts for a closer examination of the
visible-light photoconversion of CO2 into small organic acids, including acetic acid
(for which the reduction requires many more electrons than that for formic acid)
and, more interestingly, for the signiﬁcantly enhanced photoconversion with higher
CO2 pressures over an aqueous solution of the photocatalysts. The results
demonstrate the nanoscale semiconductor-equivalent nature of carbon dots, with
excellent potential in energy conversion applications.

■

INTRODUCTION
The level of carbon dioxide (CO2) in the atmosphere and its
signiﬁcant environmental implications have generated much
concern, promoting the development of various carbon
sequestration strategies. Photocatalytic conversion is obviously
a compelling approach in this regard, in which CO2 is reduced
back to hydrocarbon fuels. Even more desirable is the use of
solar energy for the photoreduction, which presents a major
challenge for the eﬀective photon harvesting by the catalysts
across the solar spectrum.1,2 Among widely employed photocatalysts for the purpose of CO2 reduction have been nanoscale
wide-bandgap semiconductors such as titanium dioxide (TiO2)
and cadmium sulﬁde (CdS) nanoparticles.1−4 However, as
limited by their bandgap transitions, these nanomaterials are
generally ineﬀective in harvesting visible photons over a broad
spectral range. Thus, various enhancement approaches
including the use of doped TiO2 nanotubes and/or dye
sensitization to extend the absorption of the photocatalysts into
the visible have been developed, with some signiﬁcant
successes. For example, Feng et al. prepared TiO2 nanotube
arrays via the anodic oxidation of titanium foil in an
electrolyte.5 The arrays under sunlight could catalyze the
reduction of CO2 into methane, and the reduction eﬃciency
could be enhanced substantially after the arrays were “coated”
with ultraﬁne platinum nanoparticles.5 Woolerton et al. used
enzyme-modiﬁed TiO2 nanoparticles (Degussa P25) with a
ruthenium bipyridyl complex as a visible-light photosensitizer
for the CO2 photoconversion.6 Asi et al. synthesized a
© 2014 American Chemical Society

nanocomposite of TiO2 with silver bromide for the visiblelight (420 nm and longer) photoreduction of CO2.7
More recently, Cao et al. took a rather diﬀerent approach to
using surface-functionalized small carbon nanoparticles, dubbed
“carbon dots” (Figure 1),8,9 for the absorption of visible
photons to drive photocatalytic processes.10 In the photoreduction of CO2, the carbon dots were surface-doped with a

Figure 1. Cartoon illustration of the PEG1500N-functionalized carbon
dot, with the rainbow-colored “shell” signifying that the ﬂuorescence is
from the passivated surface of the dot. The shell illustration does not
imply a true core−shell structure for the carbon dot, as the passivation
molecules covering the carbon particle surface likely form a structurally
random soft layer that is signiﬁcantly diﬀerent from the kind of shell
found in conventional semiconductor QDs.
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small amount of gold or platinum metal, which was designed to
concentrate the photogenerated electrons, similar to what was
widely practiced in the development of conventional nanoscale
semiconductor-based photocatalysts.4 The photocatalytic conversion of CO2 was probed by quantifying the formation of
formic acid as a signiﬁcant product,10 from which the estimated
quantum yields for the photoreduction were substantial in
reference to those achieved in the literature with the use of
semiconductor nanoparticles as photocatalysts.3,4,10 More
importantly in terms of a primary purpose in that study to
understand the photoexcited state processes in small carbon
nanoparticles,10 the photocatalytic reduction results served to
conﬁrm the presence of photoinduced charge separation in
carbon dots, as already suggested by the ﬂuorescence
quenching results of carbon dots with either electron donors
or acceptors.9,11
Beyond mechanistic implications (with some other carbonbased photocatalytic systems12−14), the previous study opened
the possibility for carbon dots to serve as a new platform of
potent photocatalysts for more eﬃcient CO2 photoreduction.
However, because it is a new platform, there is naturally the
demand for more experimental results for further validation. In
the work reported here, we used gold-doped carbon dots from
better-controlled synthesis as aqueous soluble catalysts for a
closer examination of the visible-light photoconversion of CO2
into small organic acids, including acetic acid (whose formation
requires many more electrons than that of formic acid),15 and
more interestingly for the signiﬁcantly enhanced photoconversion with higher CO2 pressures over an aqueous solution
of the catalysts. The results from the pressure-dependent (and
thus CO2 concentration-dependent) study under otherwise the
same experimental conditions are particularly valuable in terms
of conﬁrming the participation of CO2 in the reaction as the
source of the converted organic acids and also the photocatalytic functions of the carbon dots.

Figure 2. Cartoon illustrations of (upper) the high-pressure optical
reactor. (Lower left) Photoreductive doping of the carbon dot with
gold, completely quenching the dot-surface-based ﬂuorescence
(illustrated as the change in the dot surface from rainbow to gray)
and (lower right) the gold-doped carbon dot as a photocatalyst for
CO2 conversion, where the doped gold (in yellow) was small in
quantity, insuﬃcient to form a shell, and likely random in terms of size
and shape. The sacriﬁcial electron donor was isopropanol added in
some experiments or PEG1500N molecules on the surface of the carbon
dots in the absence of isopropanol.

spectra (Figure 3). The association of the nanoscale gold and
carbon dots, namely, the doping, could be conﬁrmed directly by
the transmission electron microscopy (TEM) imaging comparatively in both transmission and Z-contrast modes (Figure
3) and also indirectly by the observed complete ﬂuorescence
quenching due to the doped gold interfering with the emissive
processes in carbon dots (Figure 2).17 The gold-doped carbon
dots used as photocatalysts in this study generally had a goldto-carbon (in the nanoparticle core) molar ratio of around
1:100.
The photocatalytic reduction of CO2 in an aqueous solution
of the gold-doped carbon dots was carried out at ambient
temperature (25 °C) in high-pressure cylindrical optical cells
(Figure 2) capable of taking the CO2 pressure up to at least
2000 psia, corresponding to an aqueous CO2 concentration of
up to 1.37 M (calculated according to data available in the
literature).19 Small organic acids in the reaction mixture were
targeted for detection and analysis quantitatively. The acids
were harvested by distilling the reaction mixture into a basic
aqueous solution (pH ∼11), followed by recovering the salts
thus formed for NMR characterization and other analyses.
The 1H and 13C NMR results suggested a substantial
presence of formic acid as a signiﬁcant product of the CO2
photoreduction, as generally known in the literature,4,20−24 and
also acetic acid.15,25−30 Separately, the solution used in the
NMR measurements was acidiﬁed (pH ∼3) to convert the salts
to corresponding acids for GC-MS analyses, from which the
results also identiﬁed formic acid and acetic acid, as expected.
In the literature,15,25−30 acetic acid has been identiﬁed as a
product in CO2 photoreduction with the use of other
photocatalysts, though quantity-wise from minor to negligible
in almost all studies. Therefore, since the photocatalytic
activities of carbon dots are due to the photochemical processes

■

RESULTS AND DISCUSSION
The photocatalytic reactions were carried out in aqueous
solutions under pressurized CO2 conditions. In the catalyst
preparation, the ﬂuorescent carbon dots with the core carbon
nanoparticles functionalized by oligomeric poly(ethylene
glycol) diamine (PEG1500N, Figure 1) were synthesized under
more controlled conditions (primarily more precise temperature control in the functionalization reaction) for more
eﬀective carbon particle surface passivation and the associated
bright ﬂuorescence emissions, as reported previously.16 These
carbon dots in aqueous solution exhibited ﬂuorescence
quantum yields of around 20% at 400−450 nm excitation,
comparable to or better than what were observed in other
batches of similarly synthesized PEGylated carbon dots in
previous studies.16 For the photochemical doping of the carbon
dots by gold metal, the aqueous solution of the carbon dots was
irradiated in the presence of gold salt HAuCl4, where the
electrons from the photoinduced charge separation in the
carbon dots were likely responsible for the reductive formation
of gold metal (Figure 2).17,18 Since the radiative recombination
of the surface-conﬁned electrons and holes is believed to be
responsible for the observed ﬂuorescence emission in carbon
dots, 9 the metal doping was accompanied by rapidly
diminishing ﬂuorescence intensities in the solution (Figure
2), as expected.17
The doping level of gold on carbon dots was monitored by
the emergence of the gold plasmon band in optical absorption
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followed by the same product collection and isolation
procedures. In the subsequent 2H NMR characterization
(regular water as the solvent), the expected DCOO− and
CD3COO− NMR signals could readily be detected at 8.47 and
1.89 ppm, respectively, suggesting the participation of D2O in
the photoreduction. A mechanism known in the literature in
which the involvement of water in the photocatalytic
conversion of CO2 might be associated with a two-step
reduction process, ﬁrst the photocatalytic splitting of water for
atomic hydrogen and then the addition of hydrogen to CO2.3,31
The observed deuteration of both formic acid and acetic acid
from the reaction in D2O is consistent with such a mechanism
and also reaﬃrms the mechanistic connection between the
formation of the two organic acids in the photocatalytic
reduction of CO2.
There are several ways to evaluate the performance of
catalysts in the CO2 photoreduction reaction,4 among which a
more popular one has been the R value measuring the amount
of products produced per hour of light illumination for a
speciﬁc amount of photocatalyst

R=

WP
tWC

(1)

where WP is the amount of photoproducts in millimoles
(mmol), t is the photoirradition time in hours (h), and WC is
the amount of photocatalyst used in grams (g). For the golddoped carbon dots as photocatalysts in this work, quantitatively
the amounts of the small organic acids produced in the
photoreduction were subject to some variations with
experimental conditions such as diﬀerent batches or quantities
of catalysts and reactor setups, which also aﬀected the relative
populations of the two acids in the reaction mixtures.
Nevertheless, with the short-path optical cell as a high-pressure
photoreactor under a speciﬁcally controlled condition (CO2
pressure of 700 psia and photoirradiation in the 405−720 nm
wavelength range for 4 h), the observed R values for formic acid
and acetic acid were 1.2 and 0.06 mmol h−1 g−1, respectively.
The performance of the former compares favorably to what has
been reported in the literature for other photocatalysts. For
example, in the study by Zhao et al. on CO2 photoreduction
with the cobalt phthalocyanine−TiO2 nanocomposite as the
photocatalyst and visible-light irradiation, the best R value for
formic acid was about 0.15 mmol h−1g−1.22 Johne and Kisch
used ZnS nanoparticles loaded on a silica matrix as photocatalysts for CO2 reduction with 2,5-dihydrofuran as a reducing
agent and UV-light irradition, achieving a formate production
rate of about 0.29 mmol/h (or approximately 0.6 mmol h−1g−1
in terms of the R value).21
The signiﬁcant acetic acid production with the use of golddoped carbon dots as photocatalysts is somewhat unique, as
this is generally a very minor product in the CO2 photoreduction with other catalysts.15,25−30 The previously highest R
value for acetic acid in the literature was from the work of
Pathak et al., where well-dispersed TiO2 nanoparticles were
used as photocatalysts for UV-light reduction in supercritical
CO2 under high pressure, though the estimated R value was still
rather small (on the order of 0.006 mmol h−1 g−1).28 Irvine et
al. also observed a signiﬁcant amount of acetic acid in their
colloidal CdS-based photocatalytic CO2 reduction in aqueous
NaHCO3 with sulﬁte or hydroquinone as a hole acceptor
(320−580 nm photoirradiation), with an estimated acetic acid
production rate of about 0.00125 mM/h (or an R value of

Figure 3. (Upper) TEM images of the gold-doped carbon dots (left, in
transmission mode; right, in Z-contrast mode, where Z refers to the
atomic number so that the contribution of the doped gold is
emphasized). (Lower) Optical absorption spectra of the carbon dots
without (−) and with gold (−−) and recovered postreaction (−··−).

in the core carbon nanoparticles, the concern was the potential
involvement of the carbon in the core as a source of carbon
atoms in the observed acetic acid. In control experiments, 13Clabeled CO2 (NaH13CO3 with 99% 13C as a source) was used in
the same photoreduction reactions. The 13C NMR results for
the formic acid and acetic acid suggested major enhancement
eﬀects in both, with the corresponding 13C NMR signals readily
detected in many fewer scans than what was required for
samples without the 13C enrichment, due to the products from
13
C-labeled CO2 (or, more speciﬁcally, H13COOH and
13
CH313COOH).
Other experimental evidence against any potential involvement of the carbon atoms in carbon dots included the
observation that the use of the same carbon dots without a gold
coating for the photocatalytic conversion of CO2 resulted in
much lower yields for both formic acid and acetic acid.
Mechanistically, it is believed that the photoexcitation of carbon
dots results in eﬃcient charge separation, with the generated
electrons and holes trapped at surface sites on the carbon dots.
The electrons and holes would otherwise recombine radiatively
for the ﬂuorescence emission in carbon dots, but the metal
doping interrupted the radiative recombination by scavenging
the electrons (Figure 2).9,17 Here the doped gold could
apparently harvest and concentrate the photogenerated
electrons in the carbon dots, thus more eﬀectively in the
photocatalytic activities for the CO2 reduction, as generally
understood in the literature.2,4
In a further examination of the involvement of water as a
source of hydrogen in the formed organic acids, the
photocatalytic reduction of CO2 was performed in a deuterated
water solution under the same experimental conditions,
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about 0.004 mmol h−1 g−1).26 The relatively more eﬃcient
formation of acetic acid in the work reported here reﬂects upon
the eﬀectiveness of the gold-doped carbon dots as photocatalysts for visible-light-driven CO2 conversion, as the
reduction to acetic acid requires overall eight electrons,
regardless of any detailed mechanisms.15
2CO2 + 8H+ + 8e− → CH3COOH + 2H 2O

Mallouk and coworkers33,34). The strong CO2 pressure
dependence might be understood in terms of the importance
of the initial interactions between the photoexcited catalysts
and CO2 molecules in the conversion to formic acid, with more
CO2 molecules in the aqueous solution under a higher CO2
pressure in the optical cell and/or the involvement of more
complex multistep processes in the photoconversion reaction.
Shown in Figure 5 is a comparison of the R values for formic
acid and acetic acid from the experiments at diﬀerent CO2
pressures.

(2)
15,25−30

Again in studies already reported in the literature,
acetic acid has generally been a very minor or negligible
product in CO2 photoconversion. Therefore, the formation
mechanism for the product is poorly understood, except for a
general acknowledgment of the mechanistic complexity. Among
the three proposed mechanisms in the literature,4,26,29,32 two
assumed the dimerization of initially reduction-generated
radical or radical anion species as a key step in the formation
of acetic acid, speciﬁcally, OHC· or CO2−· dimerized to OHC−
CHO or −OOC−COO−, respectively, followed by further
photoreduction.26,32 The other mechanism in the acetic acid
formation called for the reductive coupling of methanol and ·
COOH, both of which are from initial steps in the CO2
photoreduction process.29 A common theme is that acetic
acid shares intermediates with formic acid and/or reacts further
from the latter, signifying the important role of formic acid in
the understanding of the photocatalytic CO2 conversion.
For a more systematic evaluation of the photoconversion
under diﬀerent CO2 pressures, the reactions were carried out in
the long-path high-pressure optical cell (thus a larger reactor
volume for more samples/product quantities and thus relatively
improved accuracy) under otherwise the same experimental
conditions for all CO2 pressures. The formic acid production
obviously increased with the increasing CO2 pressure (Figure
4), mainly because the CO2 concentration in aqueous solution

Figure 5. Comparison of R values for the photoconversion to formic
acid (o) and acetic acid (□) in reactions under diﬀerent CO2
pressures.

The gold-doped carbon dots as photocatalysts were
apparently stable in terms of their optical properties and
catalytic activities. For example, upon continued photoirradiation for 6 h or longer in the photocatalytic reaction for
CO2 conversion, the optical absorption spectrum of the
photocatalysts postreaction exhibited no signiﬁcant changes
from that prereaction (Figure 3). The photocatalysts could also
be recovered from the reaction mixtures and reused in the
subsequent photoreduction reactions of CO2. The diﬀerence
between the use of new and recovered photocatalysts is
generally within the typical experimental variation (the changes
in the results with the use of new catalysts in several
experiments under the same conditions).
In summary, carbon dots with a gold coating and thus
diminished ﬂuorescence emission are potent photocatalysts for
the conversion of CO2 to small organic acids. The formation of
a signiﬁcant amount of acetic acid, which requires many
electrons in the photoreduction, reﬂects upon the eﬀectiveness
of the carbon dots as photocatalysts. The photocatalytic
functions are apparently not limited to the carbon dots
synthesized in this study, as even those prepared with carbon
soot from overcooked barbequed meat exhibited similar
activities.35 The substantially enhanced photoconversion in
aqueous solution of the catalysts under higher CO2 pressures is
not only important mechanistically, suggesting the role of the
CO2 concentration in the harvesting of photogenerated
electrons and thus the photoconversion quantum yield, but
also valuable technologically, with pressurized CO2 as a more

Figure 4. Results in terms of formic acid concentrations in the reaction
mixtures from a series of photoconversion reactions in aqueous
solutions of the carbon dots under diﬀerent CO2 pressures (in the
long-path optical cell as the high-pressure reactor).

increases with increasing pressure. At 1900 psia, the amount of
formic acid was about an order of magnitude higher than that
produced under ambient CO 2 pressure, which should
correspond roughly to the same magnitude of increase in the
photocatalytic reaction quantum yield for the formic acid
formation (around 0.3% in the CO2-saturated aqueous solution
under ambient pressure,10 estimated by using the method of
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photochemistry apparatus equipped with a 450 W medium-pressure
Hanovia lamp coupled with a cycling water ﬁlter and a glass or
solution ﬁlter. An aqueous dispersion of the photocatalysts in the
photochemistry apparatus was purged ﬁrst with high-purity nitrogen
gas and then with CO2 gas (for about 60 min) for saturation, followed
by photoirradiation.
Aqueous NaHCO3 or NaH13CO3 solution (up to 80 mM,
mimicking mildly acidic conditions of pH ∼4.5−5.5) was used as
CO2 or 13C-enriched CO2 in the same photocatalytic reactions.
Isopropanol was added in some of the experiments described above
as a sacriﬁcial electron donor, though no meaningful diﬀerence was
found in the outcome of the photocatalytic reduction (probably due to
the fact that PEG molecules of similar structural elements to those in
isopropanol were already in the reaction system).
Photoproduct Characterization and Analysis. The aqueous
reaction mixture post-photoirradiation was collected via slow
depressurization from the high-pressure optical cell into a cooled
ﬂask, followed by short-path distillation into an aqueous NaOH
solution (pH ∼11) for the organic acids in the reaction mixture to be
trapped as salts. Upon the removal of water via evaporation, the
resulting solid sample was characterized by using NMR and GC-MS
methods. Formic acid and acetic acid (or formate and acetate in some
measurements) were identiﬁed, conﬁrmed, and quantiﬁed. Imidazole
and fumaric acid were used as internal standards in the 1H NMR
quantiﬁcation measurements.

favorable reaction condition for larger quantities of the
photoproducts.

■

EXPERIMENTAL SECTION

Materials. Carbon nanopowder (purity >99%) was purchased from
Sigma-Aldrich, bis(3-aminopropyl)-terminated oligomeric poly(ethylene glycol) of average molecular weight ∼1500 (PEG1500N)
was purchased from Anvia Chemicals, CO2 gas (purity >99.5%) was
purchased from Airgas, and hydrogen tetrachloroaurate (HAuCl4·
3H2O) and sodium hydroxide (NaOH) were purchased from AlfaAesar. Imidazole and fumaric acid were obtained from Aldrich
Chemicals, thionyl chloride (purity >99%) was obtained from Alfa
Aesar, nitric acid was obtained from VWR, and 13C-enriched sodium
bicarbonate (NaH13CO3, purity 97% and 13C content 99%) and D2O
were obtained from Cambridge Isotope Laboratories. HPLC-grade
solvents isopropanol, methanol, and phosphoric acid were supplied by
Fisher Scientiﬁc, and dialysis membrane tubing (MWCO ∼500) was
supplied by Spectrum Laboratories. Water was deionized and puriﬁed
by being passed through a Labconco WaterPros water puriﬁcation
system.
Measurements. A Baxter Megafuge (model 2630), Eppendorf
(model 5417 R), and Beckman-Coulter ultracentrifuge (Optima L90K
with a type 90 Ti ﬁxed-angle rotor) were used for centrifugation at
various g values. Optical absorption spectra were recorded on a
Shimadzu UV-2501PC spectrophotometer. NMR measurements were
carried out on Bruker (500 and 300 MHz) and JEOL (500 MHz)
NMR spectrometers. GC-MS analyses were performed on a Shimadzu
GC-MS instrument (model QP 2010) with an Rxi-XLB/or Rtx-5MS
column and an electron ionization (EI) MS detector. Transmission
electron microscopy (TEM) images were obtained on Hitachi 9500
TEM and HD-2000 scanning-TEM systems.
Photocatalysts. In the synthesis of PEG1500N-functionalized
carbon dots, an as-supplied carbon nanopowder sample (1 g) was
reﬂuxed in an aqueous nitric acid solution (5 M, 90 mL) for 48 h. The
reaction mixture back at room temperature was dialyzed against fresh
water and then centrifuged at 3000g to retain the supernatant. The
recovered sample containing primarily small carbon nanoparticles was
reﬂuxed in neat thionyl chloride for 12 h, followed by the removal of
excess thionyl chloride under nitrogen. The post-treatment carbon
particle sample (100 mg) was mixed well with carefully dried PEG1500N
(1 g) in a ﬂask, heated to 140 °C, and stirred at constant temperature
under nitrogen for 72 h. The reaction mixture was cooled to room
temperature, dispersed in water, and then centrifuged at 20 000g to
retain the dark supernatant as an aqueous solution of the as-prepared
carbon dots.
For the metal doping of carbon dots, an aqueous dispersion of the
carbon dots was mixed with an aqueous solution of gold compound
(HAuCl4), and the mixture was irradiated with visible light. The
doping level was monitored in terms of the gold plasmon absorption
band.36,37
Photocatalytic Reactions. The CO2 photocatalytic reduction
experiments under diﬀerent CO2 pressures were performed on a setup
consisting of a 1 kW xenon arc source coupled with a “hot ﬁlter” to
eliminate both infrared and UV radiation (transparent only in the
405−720 nm spectral region). Two stainless steel cylindrical optical
cells with ﬂat fronts and back sapphire windows (2.5 cm in diameter,
sealed with teﬂon O-rings) were used as photochemical reactors with a
pressure limit of at least 2000 psia.28 The short-path cell had an optical
path length of 16 mm (∼4 mL in reactor volume), and the long-path
cell, 80 mm (∼20 mL in reactor volume). In a typical experiment, the
cell was ﬁrst loaded (not completely full) with an aqueous dispersion
of the photocatalysts, purged with high-purity nitrogen gas under
ambient condition, and then sealed. Pressurized CO2 (in a syringe
pump) was introduced into the sealed cell through the metal tubing
and valve until the desired pressure in the cell was achieved, and the
actual pressure upon stabilization of the system was measured and
recorded by using a precision pressure gauge (Heise).
Some CO2 photocatalytic reduction experiments under ambient
pressure were carried out by using an ACE Glass immersion-well
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ABSTRACT There has been much discussion on the need to develop

ﬂuorescent quantum dots (QDs) as ultracompact probes, with overall size
proﬁles comparable to those of the genetically encoded ﬂuorescent tags.
In the use of conventional semiconductor QDs for such a purpose, the
beautifully displayed dependence of ﬂuorescence color on the particle
diameter becomes a limitation. More recently, carbon dots have emerged
as a new platform of QD-like ﬂuorescent nanomaterials. The optical absorption and ﬂuorescence emissions in carbon dots are not bandgap in origin,
diﬀerent from those in conventional semiconductor QDs. The absence of
any theoretically deﬁned ﬂuorescence color - dot size relationships in carbon dots may actually be exploited as a unique advantage in the size reduction
toward having carbon dots serve as ultracompact QD-like ﬂuorescence probes. Here we report on carbon dots of less than 5 nm in the overall dot diameter
with the use of 2,20 -(ethylenedioxy)bis(ethylamine) (EDA) molecules for the carbon particle surface passivation. The EDA-carbon dots were found to be
brightly ﬂuorescent, especially over the spectral range of green ﬂuorescent protein. These aqueous soluble smaller carbon dots also enabled more
quantitative characterizations, including the use of solution-phase NMR techniques, and the results suggested that the dot structures were relatively
simple and better-deﬁned. The potential for these smaller carbon dots to serve as ﬂuorescence probes of overall sizes comparable to those of ﬂuorescent
proteins is discussed.
KEYWORDS: carbon dots . ﬂuorescence . green ﬂuorescence protein (GFP) . quantum dots . bioimaging . molecular probes .
ultracompact probes . functionalized nanoparticles

F

luorescent semiconductor nanocrystals, generally referred to as quantum
dots (QDs) for the quantum conﬁnement eﬀect in these nanomaterials, have
attracted much attention for their serving
as optical probes in biomedical and other
applications.1,2 Among the most popular
QDs, some of which are now commercially
available, are those based on cadmium salts,
especially CdSe/ZnS coreshell nanostructures with various surface coatings for organic or aqueous compatibilities.35 Strong
cases have been made in the literature on
using QDs to replace organic dyes and in
some applications genetically encoded
ﬂuorescent tags.1,2,6 Among many widely
considered advantageous properties of
conventional semiconductor QDs, a unique
feature due to the quantum conﬁnement
eﬀect is the beautiful display of diﬀerent
LECROY ET AL.

ﬂuorescence colors for QDs of diﬀerent
sizes. However, the deﬁned colorsize dependence also limits any dot size variation
for a speciﬁc ﬂuorescence color. For the
more established CdSe/ZnS QDs with the
necessary surface coating (for solubility
and/or compatibility needs) as ﬂuorescence
probes, the probe size proﬁles are typically
on the order of 10 nm in diameter.68 Therefore, there has been increasing interest in a
reduction of the probe size, targeting similar
size proﬁles to those of many commonly
used ﬂuorescent proteins (green ﬂuorescent
protein, or GFP, for example),9 for which strategies such as the use of a thinner coating on
the QD surface have been pursued.1,1012
In terms of application potential, ultracompact probes (referring to structurally
compact and very small in the overall probe
size) oﬀer additional and sometimes unique
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opportunities, with speciﬁc biologically relevant examples including their less interference with or perturbation to the biological events in the cells being
probed1315 and more favorable renal clearance, for
which a threshold probe size around 5.5 nm was
determined.16 There were also studies in which issues
with the use of larger nanoparticles were identiﬁed,
such as their accumulation in leaky vasculature or in
solid tumors, thus potentially inhibiting clearance and increasing the likelihood of long-term toxicity eﬀect.1719
Most of the recently pursued ultracompact probes
were based on metal or metal oxide nanoparticles,
especially sub-5 nm gold nanoparticles20,21 and gadolinium or iron oxide nanoparticles for MRI tracking
applications.22,23 As a demonstration on the critical eﬀect
of probe size, gold nanoparticles of 2.4 nm in diameter
were found in the cell nucleus, 5.58.2 nm in the
cytoplasm, and 16 nm or larger mostly outside the cell.21
Carbon dots have emerged as a new platform of
QD-like ﬂuorescent nanomaterials,24 with competitive
optical performance under one- and multiphoton excitation conditions and their being generally nontoxic
in nature.2539 Presently more ﬂuorescent carbon dots
are those of small carbon nanoparticles with the
particle surface passivated by chemical functionalization with oligomeric or polymeric species. For example,
with the oligomeric poly(ethylene glycol) diamine
(PEG1500N) as surface passivation agent, the PEG1500Ncarbon dots exhibited ﬂuorescence quantum yields
of more than 50%.34 Mechanistically, both the optical
absorption and ﬂuorescence emissions in carbon dots
are not band gap in origin, due instead to π-plasmon
and radiative recombination of the surface-conﬁned
electrons and holes, respectively,39,40 diﬀerent from
those in conventional semiconductor QDs. The absence of any theoretically deﬁned ﬂuorescence color
dot size relationships in carbon dots may actually be
exploited as a unique advantage in the size reduction
toward having carbon dots serve as ultracompact
QD-like ﬂuorescence probes. More speciﬁcally, there
has been extensive recent discussion on the push to
reduce the sizes of ﬂuorescence probes (mostly those
based on conventional semiconductor QDs with
the necessary surface coating) to less than 5 nm in
diameter.9 In this regard, the PEG1500N-carbon dots
referred to above had an average core carbon nanoparticle size of about 3 nm,34 but the overall dot
proﬁles were on average signiﬁcantly larger due to
the use of the relatively large PEG1500N molecules
(average molecular weight ∼1500) for carbon particle
surface passivation via chemical functionalization. The
expectation was such that a reduction in the size of the
surface functionalization molecules would not only
add less to the overall proﬁle (the core carbon nanoparticle þ surface passivation layer) of each carbon dot
but also be more selective toward the solubilization
of smaller carbon nanoparticles in the dot synthesis,

Figure 1. Cartoon illustration (left) of an EDA-carbon dot,
which is essentially a special “coreshell” nanostructure
with a small carbon nanoparticle as the core and a soft shell
of tethered EDA molecules, and (right) green ﬂuorescent
protein with the size proﬁle highlighted.

resulting in smaller carbon dots and their corresponding ﬂuorescence probes.
Here we report on carbon dots of less than 5 nm in
overall dot diameter with the use of 2,20 -(ethylenedioxy)bis(ethylamine) (EDA, H2NCH2CH2OCH2CH2OCH2CH2NH2)
molecules for carbon particle surface functionalization
passivation (Figure 1). The EDA-carbon dots were found
to be brightly ﬂuorescent, especially over the GFP spectral range. These aqueous soluble smaller carbon dots
also enabled more quantitative characterizations, including the use of solution-phase NMR techniques, and
the results suggested that the dot structures were
relatively simple and better deﬁned. The potential for
these smaller carbon dots to serve as ﬂuorescence
probes of overall sizes comparable to those of ﬂuorescent proteins (Figure 1)4143 is also discussed.
RESULTS AND DISCUSSION
Precursor carbon nanoparticles were obtained from
the commercially supplied sample of carbon nanopowders in a procedure that included reﬂuxing the
as-supplied sample in an aqueous nitric acid solution,
dialysis, centrifuging to retain the supernatant (with a
higher population of smaller particles), and then the
removal of water.34 The nanoparticles were functionalized with EDA molecules under amidation reaction
conditions. Brieﬂy, the sample of carbon nanoparticles
was ﬁrst reﬂuxed in neat thionyl chloride and then
mixed well with carefully dried EDA (liquid at ambient
temperature). The mixture was heated to 120 C and
vigorously stirred for the reaction under nitrogen
protection. The reaction mixture was dispersed in
water for centrifugation to retain the supernatant, followed by puriﬁcation through a gel column (packed
in-house by using commercially supplied Sephadex
G-100 gel)44 to isolate the targeted carbon dots
(EDA-functionalized carbon nanoparticles, Figure 1)
of bright ﬂuorescence emissions. The carbon dots
sample was further puriﬁed in dialysis against fresh
water to remove residual small molecular species
including free EDA molecules, yielding a clean aqueous
solution of the puriﬁed carbon dots (designated as
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Figure 2. Absorption (ABS) and ﬂuorescence (FLSC, 400 nm
excitation) spectra of the EDA-carbon dots ( and - - - for
ABS of a concentrated solution) and the 13C-enriched EDAcarbon dots (- 3 - 3 -).

EDA-carbon dots). According to results from the
quantitative optical absorption measurement of the
EDA-carbon dots (Figure 2), in which the amount of
core carbon nanoparticles was calculated with the
separately determined molar absorptivity values45
and the amount was compared to that of the precursor
carbon nanoparticles, the estimated overall reaction
yield was around 10% (the percentage of the precursor
carbon nanoparticles converted to the core carbon
nanoparticles in the ﬁnal puriﬁed EDA-carbon dots).
The EDA-carbon dots were characterized by using
atomic force microscopy (AFM) for the determination
of overall dot sizes. The AFM specimen was prepared
by dropping an aqueous solution of a selected dot
concentration onto the mica surface, followed by the
evaporation of water. Shown in Figure 3 are representative AFM imaging results for the EDA-carbon dots, in
which according to height analyses an overwhelming
majority of the dots were less than 5 nm in diameter.
Multiple AFM images were used in the same height
analyses to produce a data set for about 280 dots, and
as also shown in Figure 3, the statistical analysis with a
simple Gaussian function yielded an average dot size of
4.1 nm. The results are consistent with the expectation
that the EDA-carbon dots should be smaller than the
PEG1500N-carbon dots, which averaged around 5 nm in
diameter according to previous investigations.34,39 The
conclusion is also supported by the results from transmission electron microscopy (TEM) imaging experiments.
For the PEG1500N-carbon dots reported previously,
the TEM imaging enabled the size characterization of
the core carbon nanoparticles, averaging 3 nm in
diameter,34 as the organic surface functionalization
molecules (PEG1500N) were largely transparent in contrast with the carbon core. For some dots in which the
core carbon nanoparticles were more crystalline, the
size measurements could also beneﬁt from the more
deﬁned lattice fringes (Figure 3). However, in order to
apply the TEM imaging to the determination of overall
size proﬁles that include the surface passivation layer in
carbon dots (Figure 1), the approach of doping the dots
LECROY ET AL.

Figure 3. (Top) AFM imaging results for the EDA-carbon
dots on mica substrate, with height proﬁles of some dots
along the line highlighted. (Middle) (left) Size distribution
based on height analyses of multiple AFM images, ﬁtted
with the Gaussian distribution curve, and (right) a highresolution TEM image illustrating the carbon core in a
carbon dot.34 (Bottom) TEM image of the gold-doped
EDA-carbon dots.

with materials of high electron density has found some
success.46 In this work the EDA-carbon dots were
doped with gold metal in a simple photolysis procedure, with visible-light photoirradiation of the dots in
an aqueous solution of the Au(III) compound HAuCl4.46
The gold-doped dots were readily detected in TEM
imaging for the improved dispersion into individual
dots on the TEM grid, in addition to the increased electron densities. The TEM images (Figure 3) thus obtained were consistent with the AFM results (Figure 3),
which suggested that the EDA-carbon dots should be
mostly less than 5 nm in diameter for the overall dot
proﬁles including the surface passivation layer of tethered EDA molecules.
The optical transitions in carbon dots are due to
the π-plasmon absorption of the core carbon nanoparticles, namely, the “chromophores” in the dots.45
The absorption (Figure 2) is relatively strong, with
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the observed per-carbon molar absorptivities of
50100 MC atom1 cm1 in the 400450 nm region,
where MC atom denotes molar concentration in terms
of carbon atoms in the core carbon nanoparticles
(assuming no other elements) for the carbon dots in
a solution. For a carbon core size of 3 nm in diameter,
the number of carbon atoms in the core was estimated
to be around 1700, thus per-dot molar absorptivities
of approximately 85 000170 000 MC‑particle1 cm1
for the same wavelength region, where MC‑particle refers
to the molar concentration of the carbon dots with
3 nm diameter carbon cores. The per-dot molar absorptivities should obviously be sensitive to the dot
diameter. For example, the EDA-carbon dots with a
carbon core of 3.5 nm in diameter would have absorptivities up to approximately 250 000 MC‑particle1 cm1.
These estimates accounted for only carbons in the
nanoparticle cores (again the visible chromophores)
in the carbon dots, with the carbons in EDA molecules
excluded for their being nonabsorptive in the visible
spectral region.
The ﬂuorescence spectrum of the EDA-carbon dots
in aqueous solution, with excitation at 400 nm, is also
shown in Figure 2. It is relatively broad, similar to those
of carbon dots with other surface-functionalization
molecules. The green ﬂuorescence emissions are associated with quantum yields around 30%, determined in
reference to 9,10-bis(phenylethynyl)anthracene as a
standard (quantum yield of unity, calibrated against
the quinine sulfate standard).47,48 The ﬂuorescence
properties of the EDA-carbon dots were apparently
stable with respect to further sample puriﬁcation eﬀort
on removing any loosely attached EDA molecules from
the carbon dots in vigorous dialysis. Both the ﬂuorescence spectrum and quantum yield remained the
same after the repeated dialysis procedures, suggesting that the aqueous dispersed EDA-carbon dots were
structurally robust, with the EDA functionalization on
the dot surface being either covalent or associated
with bonding-like strong interactions. More generally,
the EDA-carbon dots are similar to the more extensively studied PEG1500N-carbon dots in terms of excellent chemical and photochemical stabilities.
In molecular imaging and related uses, the performance of ﬂuorescence probes is often measured in
terms of the relative brightness, expressed as (molar
absorptivity)  (ﬂuorescence quantum yield). For the
EDA-carbon dots of the carbon core at 3 nm in diameter, the corresponding ﬂuorescence probes of less
than 5 nm in diameter and with green ﬂuorescence
emissions could have a relative brightness as high as
50 000. As a rough comparison, the relative brightness
values quoted in the literature on the commonly used
GFP and derivatives are on the order of 30 000.49
Structurally an EDA-carbon dot is simply a small
carbon nanoparticle with a thin layer of tethered
EDA molecules on the particle surface (Figure 1). The

Figure 4. (Top) 1H NMR spectrum of the EDA-carbon dots.
(Bottom) 13C NMR spectrum of the EDA-carbon dots and
(inset on the left) the lower-ﬁeld portion of the spectrum for
the 13C-enriched EDA-carbon dots.

aqueous dispersion of EDA-carbon dots is solutionequivalent in appearance and in properties, suitable for
solution-phase NMR characterizations. The 1H NMR
spectrum of the EDA-carbon dots (Figure 4), due to
the tethered EDA molecules on the dot surface, shows
broader signals than those in the spectrum of free EDA,
consistent with the reduced mobility of the EDA
molecules attached to carbon nanoparticles. Also consistent with the attachment is the lower symmetry for
the particle-bound EDA species, with 1H NMR signals
for the three sets of protons in free EDA (Figure 4, γ:
singlet, β: triplet, and R: triplet) split into multiple peaks
in two groups, one for γ and β protons and the other
for R protons (Figure 4). The relative integrations between γþβ and R proton signals are about 2.3 to 1,
larger than the theoretical ratio of 2 to 1. A question
was then on the assignment of the signal around
3.5 ppm, namely, the possibility for its being due to R
protons. Such a possibility could be eliminated on the
basis of correlation spectroscopy (COSY) results, which
clearly identiﬁed the coupling of the broad 3.5 ppm
signal with those of the R protons. Therefore, an
alternative explanation is such that the NMR signal
integration for the R protons is distorted by these
protons being closer to the core carbon nanoparticles
in the carbon dots. The 13C NMR spectrum of the EDAcarbon dots (Figure 4) shows similarly two groups of
peaks, again one for γ and β carbons and the other for
R carbons, but no meaningful peaks that could be
assigned to the core carbon nanoparticles. Results
from the FT-IR characterization were generally consistent with the NMR results. The carbon nanoparticles
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before the EDA functionalization exhibited only weak
absorptions in the 15501750 cm1 region, suggesting the presence but low population of oxygencontaining moieties (such as carboxylic acids). These
absorption features could still be identiﬁed in the
spectrum of the EDA-carbon dots, although only to a
rather limited extent due to their overlapping with the
more substantial absorption of EDA over the same
spectral region (14001700 cm1).50,51 Overall the
FT-IR spectrum of the EDA-carbon dots is similar to
that of EDA molecules in terms of major spectral
features, but with some peak broadening probably
due to the association of EDA with carbon nanoparticles in the carbon dots. Therefore, the FT-IR results
were not as useful as desired in the elucidation of
structural details, but overall did seem to suggest that
there were no signiﬁcant changes to the EDA chemical
structure, such as those that might create visible
chromophores, as a result of the functionalization
chemistry (probably as expected for the rather mild
reaction conditions).
Further 13C NMR characterization was on the similarly prepared EDA-carbon dots with the core carbon
nanoparticles 13C-enriched. Experimentally, the carbon
soot sample containing 13C-enriched carbon nanoparticles was produced in the arc-discharge of two
graphite rods, one of which was made hollow and then
ﬁlled with a mixture of commercially supplied 13C
powders and graphite cement.31 According to quantitative Raman spectral shift measurements, the precursor carbon nanoparticles for the functionalization
with EDA molecules had a 13C content of 1015%,
and the same 13C enrichment in the resulting carbon dots should be expected. As compared in Figure 2,
the absorption and ﬂuorescence spectra of the
13
C-enriched EDA-carbon dots are rather similar to
those without the 13C enrichment. For the 13C NMR
results of the 13C-enriched EDA-carbon dots, there are
no additional peaks in the aliphatic region nor any
detectable aromatic signals (Figure 4). The relatively
weak but meaningful peaks in the 175160 ppm
region (Figure 4) may be assigned to carbonyl carbons
on the core carbon nanoparticles. However, since
smaller carbon nanoparticles are expected to have
more diverse surface defects or carbon sites, the 13C
NMR signals of the EDA-carbon dots, whose carbon
cores are deﬁnitely at the smaller side, are subject to
more signiﬁcant broadening eﬀects. Therefore, the
observed carbonyl signals likely represent only some
in the minority that could be detected. The results are
informative in the sense that they are consistent with
the expected diverse carbon environment on the core
carbon nanoparticle surface.
It is interesting that the functionalization results
for the precursor carbon nanoparticles without and
with the 13C-enrichment were rather similar, as the nanoparticles were from diﬀerent production methods,

Figure 5. Fluorescence spectra of the EDA-carbon dots
excited at (from left to right, ) 440 nm (ﬂuorescence
quantum yield ΦF ≈ 30%), 550 nm (ΦF ≈ 7%), and
600 nm (ΦF ≈ 3.7%), with spectra of the ﬂuorescent proteins
GFP and mCherry also shown for comparison.

laser processing for the commercially supplied sample
vs arc-discharge for the 13C-enriched sample. The
former is generally somewhat more crystalline than
the latter. Therefore, the nearly identical optical properties of their resulting EDA-carbon dots suggest stability with the synthesis method for more consistent
production of the carbon dots from diﬀerent sources of
precursor carbon nanoparticles.
The EDA-carbon dots as ultracompact ﬂuorescence
probes, with overall size proﬁles of less than 5 nm in
diameter, are not limited to green ﬂuorescence only,
with emissions also observed in other colors at diﬀerent excitation wavelengths (Figure 5). Again for a
rough comparison, the ﬂuorescent protein mCherry,
whose spectrum is also included in the ﬁgure, has a
similar size proﬁle of around 4 nm.52 Previous results
suggested that the same carbon dots could be used for
ﬂuorescence imaging at diﬀerent colors, though not
with the same sensitivities.39 Further investigations
targeting color variations of bright ﬂuorescence emissions over the visible spectrum, such as the exploration
of other carbon nanoparticle surface passivation schemes,
while maintaining the overall size proﬁles of the carbon
dots are warranted, thus to take full advantage of their
diﬀerent ﬂuorescence emission mechanism from that
in conventional semiconductor QDs.
The development of ultracompact ﬂuorescence
probes based on carbon dots oﬀers signiﬁcant values
both fundamentally and technologically. On the fundamental side, the experimental conﬁrmation on the
preparation of the very small carbon dots of multiple
ﬂuorescence colors in the visible spectrum serves to
support the existing mechanistic framework for carbon
dots, namely, that the ﬂuorescence emissions are due
to the radiative recombination of the trapped or conﬁned electrons and holes from the initial charge separation following the photoexcitation. The emission
colors may be aﬀected by changes in the core carbon
nanoparticle size, with associated changes in the particle surface properties such as the surface curvature,
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EXPERIMENTAL SECTION
13

Materials. Carbon nanopowder (<50 nm, purity 99þ%), C
powders (isotopic purity 99%), and 2,20 -(ethylenedioxy)bis(ethylamine) were purchased from Sigma-Aldrich, and fineextruded graphite rods (carbon content 99þ%) from Graphitestore, Inc. Thionyl chloride (>99%) was obtained from Alfa
Aesar, nitric acid from VWR, and Sephadex G-100 gel from GE
Healthcare. Dialysis membrane tubing (cutoff molecular weight
500) was supplied by Spectrum Laboratories. Water was deionized and purified by being passed through a Labconco WaterPros water purification system.
Measurements. Optical absorption spectra were recorded on
a Shimadzu UV2501-PC spectrophotometer. Fluorescence spectra were measured on a Jobin-Yvon emission spectrometer
equipped with a 450 W xenon source, Gemini-180 excitation and Tirax-550 emission monochromators, and a photoncounting detector (Hamamatsu R928P PMT at 950 V). The
nonlinear instrumental responses at both excitation and emission sides of the spectrometer were corrected by using separately determined correction factors with respect to different
excitation and emission wavelengths.48 Raman spectra were
obtained on a Jobin-Yvon T64000 Raman spectrometer
equipped with a Melles-Griot HeNe laser (35 mW) for
632.8 nm excitation, a triple monochromator, a liquid-nitrogen-cooled symphony detector, and an Olympus BX-41 microscopy for sampling. FT-IR spectra were collected on a ThermoNicolet Nexus 670 FT-IR/NIR spectrometer, with the samples for
analysis deposited on the surface of a KBr crystal pellet. NMR
measurements were performed on a Bruker Avance 500 NMR
spectrometer. Atomic force microscopy images were acquired
in the acoustic ac mode on a Molecular Imaging PicoPlus AFM
system equipped with a multipurpose scanner and a NanoWorld point probe NCH sensor. The height profile analysis was
assisted by using the SjPIP software distributed by Image
Metrology. Transmission electron microscopy images were
obtained on a Hitachi H9500 TEM system.
13
C-Enriched Carbon Nanoparticles. The carbon soot containing
the nanoparticles was obtained in the arc-discharge production,
as reported previously.31 A graphite rod was made hollow and
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multiphoton ﬂuorescence microscopy techniques.39
Similar cellular uptake of the EDA-carbon dots may
be expected, and evaluations related to their potential
uses in ﬂuorescence cell imaging will be pursued.
CONCLUSION
The reported work demonstrated that small PEG
diamine molecules could be used to functionalize
carbon nanoparticles to produce surface-passivated
carbon dots with optical properties similar to those of
the more extensively studied PEG1500N-carbon dots.
The results suggest generally excellent solubility characteristics of carbon dots, as the passivation agent
layer in the overall structure of the EDA-carbon dots
is relatively small. Smaller functionalization molecules
are expected to be in favor of smaller carbon nanoparticles in the solubilization, resulting in more compact carbon dots. In fact, the EDA-carbon dots were
found to be comparable in size to GFPs, with expanded
application potential in bioimaging and beyond. The
demonstration on the reduction in probe size without
sacriﬁcing the intrinsic properties of carbon dots may
stimulate further investigations on the preparation of
bright ﬂuorescent probes of even smaller footprints.
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trapping sites, diﬀerent passivation eﬀects, etc., but not
limited by any deﬁned relationships as in conventional
semiconductor QDs. Therefore, it seems reasonable to
argue that the reduction of carbon dot size proﬁle in
this work may represent just the beginning, with more
room for further miniaturization through the production or harvesting from mixtures of even smaller
carbon nanoparticles for surface passivation by a
thinner layer of organic materials. Technologically,
the ﬂuorescence probes of size proﬁles comparable
to or eventually smaller than those of the genetically
encoded ﬂuorescent tags may open up many new
application opportunities, which should also beneﬁt
from the other known properties of carbon dots, such
as physicochemical and photochemical stabilities,
nonblinking, and the intrinsically available organic
functional groups on the probe surface amenable to
bioconjugations and other purposes.
One of the applications targeted in the literature for
small ﬂuorescence probes is in cell imaging.1,9 Previous
investigations demonstrated that carbon dots with the
surface passivation molecules containing abundant
amino moieties were readily taken up by cells, enabling
ﬂuorescence imaging of the cells by using confocal or

then filled with a mixture of the commercially supplied 13C
powders and graphite cement. The discharge chamber was
purged with helium and then stabilized to 1 atm (101.325 kPa)
in a helium atmosphere. The rods were vaporized with a direct
current of 70 A (28 V). The as-produced carbon soot was collected and dispersed in dimethylformamide (DMF) with ultrasonication (Crest Ultrasonics, model 950 DA, 5060 Hz) for 24 h.
The DMF was removed by evaporation, and the carbon particles
were recovered. The 13C content in the sample was estimated in
terms of Raman spectral shifts, as validated previously.31
EDA-Carbon Dots. The precursor carbon nanoparticles were
refluxed in an aqueous nitric acid solution (2.6 M) for 12 h,
dialyzed against fresh water, and then centrifuged at 1000g to
retain the supernatant. The recovered sample was refluxed in
neat thionyl chloride for 12 h. Upon the removal of excess
thionyl chloride, the sample (50 mg) was mixed well with
carefully dried EDA liquid (600 mg) in a round-bottom flask,
heated to 120 C, and vigorously stirred under nitrogen protection for 3 days. The reaction mixture back at room temperature
was dispersed in water and then centrifuged at 20800g to retain
the supernatant. The solution was filtrated through a Sephadex
G-100 column (packed in house with commercially supplied gel
sample),39,44 and the colored section with high fluorescence
quantum yields was collected, followed by dialysis against fresh
water (dialysis tubing cutoff molecular weight 500) to yield an
aqueous solution of the EDA-carbon dots. 1H NMR (500 MHz,
D2O) δ 3.67 (m, br), 3.54 (m, br), 3.17 (m, br), 3.07 (m, br), 3.03
(m, br) ppm; 13C NMR (125 MHz, D2O) δ 164.76, 71.78, 70.33,
69.69, 67.85, 40.93, 39.45 ppm.
The 13C-enriched EDA-carbon dots were prepared from the
13
C-enriched precursor carbon nanoparticles by following the
same experimental procedures. 1H NMR (500 MHz, D2O) δ 3.65
(m, br), 3.53 (m, br), 3.17 (m, br), 2.98 (m, br), 2.91 (m, br) ppm; 13C
NMR (125 MHz, D2O) δ 171.12, 164.81, 164.63, 161.56, 71.75,
70.34, 69.65, 69.61, 68.81, 40.98, 39.64 ppm.
For the gold metal doping of the EDA-carbon dots (for TEM
imaging), an aqueous dispersion of the EDA-carbon dots was
mixed with an aqueous solution of the Au(III) compound
HAuCl4, and the mixture was irradiated with visible light.46
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Carbon soot from overcooked barbecue meat was used as a
precursor for brightly fluorescent carbon dots and for their
serving as potent visible-light photocatalysts, similar to those
from other nanoscale carbon sources, thus demonstrating the
versatility of carbon dots in terms of structure, composition, and
properties.

Since the original report,1,2 carbon-based ‘‘quantum’’ dots or
carbon dots have been widely pursued as potentially performancewise competitive yet nontoxic alternatives to the presently
dominating semiconductor quantum dots (QDs).3 The number
of reported studies on carbon dots has seen rapid increases, with
topics ranging from improvements in their synthesis to the
exploration on their variety of application potentials.3–5 For
example, Yang, et al. reported the use of carbon dots as
fluorescence imaging agents in live mice.6 Li, et al. used
conjugates of carbon dots with transferrin as optical probes to
target tumor cells for cancer diagnostics.7 Cao, et al. doped carbon
dots with gold or platinum metal for their photocatalytic activities
in the visible light-driven photoreduction of carbon dioxide (CO2).8
Carbon dots are generally small carbon nanoparticles with the
particle surface passivated by the functionalization of organic
molecules or other soft materials (Scheme 1, almost a special kind
of ‘‘core-shell’’ nanostructure with a nanoscale carbon core and a
shell of soft materials) for bright fluorescence emissions. While
naked carbon nanoparticles without deliberate surface functionalization in relatively stable aqueous or other suspensions may also
exhibit colorful fluorescence, the observed emission quantum
yields have been low or very low, for which an explanation is such
that the solvent molecules might be responsible for the relatively
weak surface passivation effect.3,9 Therefore, a typical structure for
brightly fluorescent carbon dots is ‘‘core-shell’’, namely a carbon
nanoparticle core covered with a soft shell of organic materials
(Scheme 1).
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In the originally reported carbon dots,1,2 the carbon core was
from nanoparticles produced in the laser ablation of a carbon
target containing pure graphite powders and cement. Since then, a
variety of carbon sources or precursors have been used in the
synthesis of carbon dots, including stepwise approaches and
direct one-pot preparation, yielding dots of wide-varying optical
properties and performance parameters. Organic and bioorganic
materials such as sugars, celluloses, and proteins have been
among more popular precursors.10–13 Recently there have also
been several reports on the use of household and food products as
starting materials for carbon dots, including, for example, orange
juice14 and bread, jaggery, corn flakes, or biscuits.15 These results
demonstrated the versatility with respect to the core structure and
composition in carbon dots, as well as potentially abundant and/
or renewable sources in eventually their scale-up production.
Here we report the use of char from overcooked barbecue
(BBQ) for precursor carbon nanoparticles in the synthesis of
carbon dots. The optical and related properties of the carbon dots
thus prepared were found to be largely similar to those of the dots
from other carbon sources, including similarly high fluorescence
quantum yields and the photocatalytic activities with the harvesting of visible photons. The results further illustrate the versatile
nature of carbon dots with respect to their rather diverse and
flexible precursor sources and their intrinsic robustness in
performance capabilities.

Scheme 1 A cartoon illustration of a carbon dot as a surface-passivated small
carbon nanoparticle.
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Regular ground-beef available at a typical grocery store was
cooked on a conventional outdoor grill until char could be
harvested. The char sample was washed with acetone and then
evaporated to remove the solvent completely. For thermal
annealing, the sample was heated under flowing argon atmosphere in a laboratory tube-furnace for 5 h. The resulting soot-like
material was refluxed in aqueous nitric acid (2.5 M), followed by
centrifugation to retain the supernatant and then dialysis in a
membrane tubing (cutoff molecular weight y 500) against fresh
water. The stable aqueous dispersion of carbon nanoparticles thus
obtained appeared similar to those from other carbon sources,
exhibiting an featureless UV/vis spectrum and weak fluorescence
emissions (on the order of 1–2% in observed quantum yields). The
powder X-ray diffraction (XRD) pattern of the carbon nanoparticles
consisted of a broad peak centered at 2h y 26u (d = 3.45 nm),
consistent with mostly disordered carbon in the sample. In the
observed Raman spectrum of the sample, both D-band and
G-band (centered at about 1350 cm21 and 1580 cm21, respectively)
were very broad, also largely similar to those of the previously used
carbon nanoparticles from other sources. Representative atomic
force microscopy (AFM) images of the carbon nanoparticles are
shown in Fig. 1.
The precursor carbon nanoparticles were functionalized with
oligomeric polyethylene glycol diamine of an average molecular
weight y 1500 (denoted as PEG1500N) via the classical amidation
reaction in the PEG1500N melt, as reported previously.16 The
resulting PEGylated carbon dots (Fig. 1) in aqueous solution
exhibited similarly featureless UV/vis absorption spectrum (Fig. 2).
The fluorescence spectra were excitation wavelength dependent,
also similar to what were reported for carbon dots from other
sources. At 440 nm excitation, for example, the observed
fluorescence spectrum of the carbon dots from the BBQ precursor
(Fig. 3) was similar to that of the previously reported carbon dots
(the core carbon nanoparticles from other sources), with the
corresponding fluorescence quantum yield (measured by the

Fig. 1 AFM images of the precursor carbon nanoparticles from BBQ char (top) and
the PEG1500N-functionalized carbon dots (bottom).

This journal is ß The Royal Society of Chemistry 2013

Communication

Fig. 2 Absorption (ABS) and fluorescence (FLSC, excitation wavelengths as
indicated) spectra of the as-synthesized carbon dots in aqueous solution.

relative method in reference to the fluorescence standard 9,10bis(phenylethynyl)-anthracene) of about 14% in the former vs.
typically 15–20% in the latter.16
The as-synthesized sample of carbon dots is generally a mixture
of dots with different fluorescence quantum yields, likely reflecting
the various levels of surface passivation effectiveness in the carbon
dots. Aqueous gel column separation has been demonstrated as a
relatively convenient method for the isolation of more fluorescent
fractions.16,17 In this work, the as-synthesized sample was
fractionated on a Sephadex G-100 gel column, from which the
most fluorescent fraction was found to exhibit a quantum yield of
close to 40% in the green (emissions centered around 520 nm
with 440 nm excitation, Fig. 3). While not quite as bright as the
highly fluorescent carbon dots from fractionating samples
synthesized with other carbon nanoparticle sources in previous
studies,16 the performance of these carbon dots from overcooked
BBQ precursors is still substantial, demonstrating the versatility
and robustness such that brightly fluorescent carbon dots are not
narrowly associated with specific carbon sources.
Mechanistically with respect to the photoexcited state processes
and fluorescence emissions, there must be photoinduced charge
separations in the core carbon nanoparticles, resulting in electrons

Fig. 3 A comparison of fluorescence spectra (440 nm excitation) for the separated
most fluorescent fraction (——–), the as-synthesized sample (-.-.-), and the brightly
fluorescent carbon dots from another precursor reported in ref. 16 (- - -).
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Fig. 4 A cartoon illustration of the charge separation in a carbon dot photochemically doped with gold (top), and absorption spectra of the carbon dots before
(- - -) and after (——–) the doping with gold (bottom).

and holes being immobilized at various sites on the nanoparticle
surface (Fig. 4).3,18 Similar to what are known in conventional
semiconductor QDs, radiative recombinations of the electrons and
holes in photoexcited carbon dots are likely responsible for the
observed fluorescence emissions. The particle surface passivation
apparently plays a major role in stabilizing the charge separated
states for the emissions to be much brighter. In fact, the photogenerated electrons in carbon dots could be used for the reduction
of silver and gold cations into their corresponding metals,19,20 as
also confirmed in this work for the carbon dots from BBQ-derived
nanoscale carbon precursors. The reduced gold metal deposited
on the dot surface, responsible for the observed gold plasmon
absorption (Fig. 4), and at the same time diminishing the
fluorescence emissions by disrupting the radiative recombination
processes.19 Associated with the disrupting function of the gold on
the carbon dot surface is such that the metal could concentrate
the photo-generated electrons, further enhancing the photoreduction (such as in CO2 photoconversion, Fig. 4).
The same concentration of electrons in gold-doped carbon dots
could be used for some of the more challenging photoreduction
purposes, including the photocatalytic conversion of CO2 into
formic acid (Fig. 4).8 Experimentally with the gold-doped carbon
dots (corresponding to the absorption spectrum shown in Fig. 4)
as photocatalysts, their aqueous dispersion in an immersion-well
photochemistry apparatus was bubbled with CO2 gas until
saturation. The photoirradiation was by the use of a 450 W
medium-pressure Hanovia lamp through cycling water filter and
glass filter for 6 h. The evaluation of the photocatalytic CO2
conversion was based on the detection of formic acid as a major
product.8,21 More specifically for the evaluation, the reaction
mixture from the photoreduction was distilled to have the volatile
portion collected in a basic aqueous solution (NaOH, pH y 12),
where the formic acid was trapped as formate. The sodium
formate salt was harvested from the basic solution by removing
the water, and then re-dissolved in deuterated water for 1H and

15606 | RSC Adv., 2013, 3, 15604–15607

C NMR measurements. The NMR results confirmed the
substantial presence of formate, with a distinctive 1H peak at
8.49 ppm (HCOO2) and a 13C peak at 171.3 ppm (HCOO2). The
control experiments with carbon dots under the same conditions
in the absence of CO2 resulted in no detectable formate, thus
reaffirming that the photoproduct must be from the CO2
reduction (Fig. 4).
In summary, brightly fluorescent carbon dots (with quantum
yields up to 40%) could be synthesized from BBQ char. Since the
char-derived precursor was obviously complicated in terms of
chemical composition, the high performance found in the
resulting carbon dots supports the argument that carbon dots
are intrinsically versatile in the core structure and composition
and performance-wise robust. In addition to those already
available in the literature, the results reported here suggest that
high-performance carbon dots can be sourced from a variety of
abundant and renewable precursor materials, amenable to a
much broader range of applications.
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ABSTRACT: The carbon dots in this study were small carbon
nanoparticles with the particle surface functionalized by oligomeric
poly(ethylene glycol) diamine molecules. Upon photoexcitation, the
brightly ﬂuorescent carbon dots in aqueous solution served the function of
excellent electron donors to reduce platinum(IV) and gold(III)
compounds into their corresponding metals to be deposited on the dot
surface. The deposited metals even in very small amounts were found to
have dramatic quenching eﬀects on the ﬂuorescence emission intensities,
but essentially no eﬀects on the observed ﬂuorescence decays. The
obviously exclusive near-neighbor static quenching could be attributed to
the disruption of electron−hole radiative recombinations (otherwise
responsible for the ﬂuorescence emissions in carbon dots). The results
provide important evidence for the availability of photogenerated electrons
that could be harvested for productive purposes, which in turn supports the current mechanistic framework on ﬂuorescence
emission and photoinduced redox properties of carbon dots.

■

INTRODUCTION

Scheme 1

Small semiconductor nanoparticles and related core−shell
nanostructures, generally referred to as quantum dots (QDs)
due to the presence of quantum conﬁnement eﬀects, have
attracted much attention for their excellent optical properties
and a variety of potential applications.1 Among well-established
QDs are those based on insoluble cadmium salts, especially the
popular and now commercially available CdSe/ZnS core−shell
nanoparticles with various surface coatings.1−5 However, there
have also been some signiﬁcant concerns on these presently
dominating QDs, especially with respect to their toxicity
associated with the heavy metal content.6,7 Therefore, the
search for alternative QD-like optical nanomaterials that are
nontoxic yet still high performance has continued.8−11
Nanoscale carbon particles have recently emerged as a
unique class of optical nanomaterials targeting both biomedical
and energy conversion applications.11−30 Small carbon nanoparticles upon surface functionalization by organic molecules
were found to exhibit bright and colorful ﬂuorescence
emissions. These strongly ﬂuorescent nanoparticles, dubbed
“carbon dots” (Scheme 1),11 have been demonstrated for their
competitive optical performance to that of well-established
© 2012 American Chemical Society

semiconductor QDs.16,19,30 Carbon dots have also been
evaluated for their potential bioimaging applications in vitro
and in vivo.15,21,30 For energy conversion, carbon dots are
apparently capable of harvesting visible photons to drive
catalytic processes to reduce carbon dioxide into formic acid
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and in a similarly photocatalytic process to split water for the
generation of hydrogen molecules.29
Mechanistically, the ﬂuorescence emissions in carbon dots
are attributed to radiative recombinations of the photoinduced
electrons and holes that are conﬁned to the carbon nanoparticle
surface,11,19 phenomenologically resembling those found in
nanoscale semiconductors. In such a mechanistic framework,
more favorable to stronger ﬂuorescence emissions in carbon
dots would be a larger ratio of the carbon particle surface to the
particle volume, thus carbon nanoparticles of smaller sizes. Also
favorable would be diverse energy trapping sites on the carbon
nanoparticle surface stabilized more eﬀectively by the
passivation agents. The available experimental results are
generally in support of the mechanistic framework, including
especially those concerning the photoinduced redox properties
of carbon dots.18,29 As reported in the literature, carbon dots
upon photoexcitation can serve as not only excellent electron
acceptors,18 but also electron donors to be responsible for the
observed visible-light photocatalytic energy conversion.29 In
this regard, small carbon nanoparticles are dramatically diﬀerent
from fullerenes as size-wise comparable carbon clusters, since
the latter are incapable of donating electrons even in the
photoexcited states.31 It is therefore interesting to examine
more closely the somewhat unique photoinduced electron
donating characteristics in carbon dots, which is particularly
relevant to their photocatalytic and other applications.
Fluorescence quenching has been used extensively in the
investigation of photoinduced redox processes in fullerenes and
other carbon nanomaterials. In this study, we examined the
eﬃcient and eﬀective quenching of ﬂuorescence emissions in
carbon dots by noble metals on the dot surface, for which the
progressive metal coating was achieved in the photoreduction
of the corresponding aqueous metal salts. The ﬂuorescence
quenching was determined to be exclusively static in nature, as
one might predict, attributable to the metallic species deposited
on the dot surface interrupting the radiative recombination
processes. Thus, the results further support the existing
mechanistic framework for the ﬂuorescence emissions and the
photoinduced redox properties in carbon dots.

Figure 1. UV−vis absorption (ABS) and ﬂuorescence (FLSC, with the
excitation wavelengths marked) spectra of the carbon dots in aqueous
solution.

Figure 2. Observed ﬂuorescence quantum yields (ΦF, 440 nm
excitation, normalized against the value at time zero ΦF0) of the
carbon dots in aqueous solution without (□) and with the Pt(IV)
compound (○) after visible light photoirradiation for various periods
of time. The corresponding spectral intensity changes for the ﬁrst few
(○) data points (with increasing photoirradiation times in the arrow
direction) are shown in the inset.

■

RESULTS AND DISCUSSION
The carbon dots with oligomeric poly(ethylene glycol) diamine
(PEG1500N, Scheme 1) as surface functionalization agent were
synthesized as previously reported.19 Aqueous solutions of the
carbon dots were very stable, with solution colors from yellow
at a low concentration to nearly black at a high concentration.
The observed optical absorption spectrum was generally broad,
so were ﬂuorescence spectra at diﬀerent excitation wavelengths
(Figure 1). As known in the literature, the ﬂuorescence
quantum yields in carbon dots are generally dependent on
excitation wavelengths, with the highest yield found in the
green. For the sample of PEG1500N-functionalized carbon dots
in this study, the observed ﬂuorescence quantum yields were
about 20% at 440 nm excitation and about 6% at 500 nm
excitation (Figure 1).
Optical absorption and ﬂuorescence spectra of the carbon
dots in aqueous solution were both stable with respect to
photoirradiation (450 W xenon source coupled with ﬁlters for
the 425−720 nm spectral range and for up to 10 h), with the
observed ﬂuorescence spectral proﬁles and intensities essentially unchanged (within experimental uncertainties generally
expected in the photophysics community on measurements of
ﬂuorescence quantum yields, Figure 2). The results suggested

that there were no meaningful photochemical reactions in the
aqueous solution of carbon dots without any other substances.
In the presence of a metal salt, however, speciﬁcally the
platinum(IV) compound H2PtCl6 or gold(III) compound
HAuCl4 in the aqueous solution, the same photoirradiation
resulted in dramatic decreases in observed ﬂuorescence
intensities (or relative quantum yields) over a relatively short
period of time (Figure 2), namely substantial quenching of the
ﬂuorescence emissions (Figure 2 inset). The minor spectral
shifts or changes with the quenching probably reﬂected the fact
that the quenching eﬃciencies for the various emissions in the
ﬂuorescence spectrum of carbon dots were slightly diﬀerent.
In the experiment for a more systematic examination, an
aqueous solution of carbon dots with 0.3 mM of H2PtCl6 was
irradiated with visible light (425−720 nm) for various time
intervals, and eﬀects of the photoirradiation were monitored by
optical absorption and ﬂuorescence measurements on the
solution immediately after the photoirradiation. While the
absorption of the carbon dots was insensitive to the
photoirradiation, the observed ﬂuorescence intensities (thus
ﬂuorescence quantum yields) were highly sensitive at all
16142
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excitation wavelengths (Figure 3). At 440 or 500 nm excitation
of the solution that was photoirradiated with the visible light for

Figure 4. The emergence and increases of the gold plasmon
absorption band (around 550 nm) after aqueous solution of the
carbon dots with the Au(III) compound was photoirradiated for 15,
270, 330, and 390 min. Shown in the inset are the normalized
ﬂuorescence quantum yields (ΦF/ΦF0 with excitation at 400 nm: □,
440 nm: ◊, and 500 nm: △) of the same solution after visible light
photoirradiation for various periods of time.

Figure 3. The normalized ﬂuorescence quantum yields (ΦF/ΦF0 with
excitation at 400 nm: ○, 440 nm: □, and 500 nm: △) of the carbon
dots in aqueous solution with 0.3 mM of the Pt(IV) compound after
visible light photoirradiation for various periods of time. Shown in the
inset are the results (ΦF/ΦF0 with 500 nm excitation) for diﬀerent
concentrations of the Pt(IV) salt used in the photoirradiation (0.3
mM: △, 0.06 mM: ▽, and 0.012 mM: ◊).

the surface sites of the core carbon nanoparticles and stabilized
by the surface passivation in carbon dots (Figure 5).
Experimental evidence in support of such a mechanistic
framework included the demonstration that photoexcited
carbon dots could serve as both excellent electron donors
and acceptors.18 The electron donating ability of carbon dots
was also shown in the photoreduction of noble metal salts into
their respective metals (silver, gold, or platinum).29,32 The same
photoreduction reactions must have resulted in the deposition
of platinum or gold metal at the electron rich surface sites on
the carbon dots (Figure 5), which subsequently acted as highly
eﬀective near-neighbor ﬂuorescence quenchers. The deposition
of gold metal was conﬁrmed experimentally at longer
photoirradiation times, with the emergence and gradual
increases of the gold plasmon absorption (Figure 4).
The deposition of platinum or gold metal on the carbon dot
surface due to the dot-catalyzed photoreduction of the
corresponding metal salt was conﬁrmed in transmission
electron microscopy (TEM) imaging experiments, especially
in terms of the Z-contrast mode to take advantage of the
signiﬁcant diﬀerence in electron density between carbon and
platinum or gold metal (Figure 6). Electron dispersive X-ray
spectroscopy (EDX) analyses performed on individual particles
in randomly selected regions of the TEM specimen also
conﬁrmed the platinum or gold coating, with the observed EDX
spectra exhibiting platinum or gold peaks, respectively, in
addition to those of carbon, silicon (due to the holder), and
copper (from the TEM grid). For even longer photoirradiation
times, the amount of deposited metal on carbon dots became
suﬃcient for the resulting samples to be characterized by using
X-ray diﬀraction (Figure 7). The broadness in the diﬀraction
peaks signiﬁed the nanoscale nature of the deposited metals on
the carbon dot surface.
All of the results described above are consistent with the
mechanistic framework of several key features: (1) There is
photoinduced charge separation in the small core carbon
nanoparticles in carbon dots; (2) The electrons and holes are
conﬁned to the surface sites in the dots; (3) The radiative
recombinations of the electrons and holes are responsible for
the observed ﬂuorescence emissions in carbon dots; (4) The

only about 10 min, the decrease in ﬂuorescence quantum yields
was around 90% (Figure 3), and somewhat less dramatic
decrease at 400 nm excitation but still more than 50% (Figure
3). The relationship between the decrease in ﬂuorescence
intensities in the photoirradiated solution and the duration of
the photoirradiation was apparently dependent on the initial
H2PtCl6 concentration in the solution. When a lower H2PtCl6
concentration of 0.012 mM was used, for example, the
ﬂuorescence quenching as a function of the photoirradiation
time was less dramatic, although still highly eﬃcient (Figure 3).
The replacement of the platinum(IV) compound by HAuCl4
in the aqueous solution of carbon dots for the same
photoirradiation resulted in similar but somewhat less eﬃcient
ﬂuorescence quenching after the photoirradiation. As shown in
Figure 4, the decrease in ﬂuorescence quantum yield in the
photoirradiated solution was again more signiﬁcant at 440 or
500 nm excitation than that at 400 nm excitation. Interestingly,
however, at 550 nm excitation, the ﬂuorescence quenching as a
result of the photoirradiation was overall obviously less
signiﬁcant (Figure 4).
The observed dramatic quenching of ﬂuorescence emissions
in carbon dots could not be due to the presence of H2PtCl6 or
HAuCl4 in the aqueous solution. In control experiments, the
observed ﬂuorescence quantum yields of carbon dots in
aqueous solution were found to be little changed without and
with the presence of the metal salts, namely that the
platinum(IV) and gold(III) compounds at the concentrations
used in the aqueous solution of carbon dots were hardly
ﬂuorescence quenchers. The dramatic decreases of ﬂuorescence
quantum yields shown in Figures 3 and 4 must be due to the
photoreductive deposition of platinum or gold metal on the
carbon dot surface, which could eﬀectively quench or nearly
diminish the ﬂuorescence emissions in carbon dots. As
originally proposed,11 mechanistically the ﬂuorescence emissions in carbon dots may generally be attributed to radiative
recombinations of the electrons and holes from the photoinduced charge separation, which are likely conﬁned/trapped at
16143
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Figure 5. A schematic illustration on the photoreductive deposition of Pt metal onto the carbon dot surface and the subsequent ﬂuorescence
quenching. The rainbow “shell” is to indicate that the ﬂuorescence is likely from the passivated carbon particle surface.

Figure 7. X-ray powder diﬀraction results of the carbon dots with the
photodeposited platinum metal (upper) and gold metal (middle) are
compared with that of the precursor carbon nanoparticles (lower) and
also the corresponding standard fcc platinum and gold patterns from
the database.

Fluorescence decay measurements on an aqueous solution of
carbon dots with surface-deposited platinum or gold metal were
performed by using the time-correlated single photon counting
(TCSPC) technique. Shown in Figure 8 are the observed
ﬂuorescence decays compared with those of neat carbon dots
(without any photoirradiation and thus no metal deposition) in
aqueous solutions. While the decay curves could not be
deconvoluted from the corresponding instrumental response
functions by using a monoexponential decay function, the
direct comparison between the curves obviously suggests no
meaningful quenching eﬀects on the ﬂuorescence decays of
carbon dots by the surface-deposited metal. However, the
corresponding observed ﬂuorescence quantum yields were
reduced dramatically (Figures 3 and 4). The complete
decoupling between the eﬀects on ﬂuorescence intensities
and decays is classical for pure static quenching, namely that the
quenchers are near-neighbors to the emissive species.33 In this
case, the near-neighbor conﬁguration must be absolute with the
platinum or gold metal (the quencher) right at the emissive
sites on the carbon dot surface, thus the observation of
exclusively static ﬂuorescence quenching.
The ﬂuorescence emissions in carbon dots are generally
dependent on excitation wavelengths. The diﬀerent excitation
wavelengths might aﬀect the subsequent excited state energy
distribution, the charge separation, and/or the conﬁnement of
electrons and holes on the dot surface and their radiative

Figure 6. TEM results on the carbon dots with the photodeposited
platinum metal (A, and B, and C at high resolution) or gold metal (D
in the Z-contrast mode, and E and F at high resolution). In F, the
spacing in the crystal lattice fringes of 0.29 nm is consistent with fcc
gold (110). Except for D (a dark-ﬁeld image), all others are bright-ﬁeld
images.

electrons are capable of reducing platinum or gold salt into the
corresponding metal, resulting in the deposition of the metal on
the dot surface; and (5) The surface-deposited metal even in
small amounts (far below the threshold for the observation of
plasmon absorption in case of gold) can eﬀectively quench or
almost diminish the ﬂuorescence emissions in the dots. This is
probably understandable because the metal deposition is
expected to be primarily or at least to initiate at the surface
sites that host the electrons, thus particularly eﬀective in
interrupting the subsequent photoinduced charge separation
and/or radiative recombinations. In such a mechanistic
framework, the ﬂuorescence quenching must be static in
nature, as conﬁrmed experimentally in terms of the complete
decoupling between quenchings in ﬂuorescence quantum yields
and lifetimes.
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photoirradiation-induced accumulation of the metal salt species
around the carbon dots might have also contributed to the
initial photoreduction of the salts into their corresponding
metals to be deposited on the dot surface.
In summary, the carbon dots in aqueous solution upon
photoexcitation were excellent electron donors for the
reduction of platinum(IV) and gold(III) compounds into
their corresponding metals to be deposited on the dot surface,
probably more so at the surface defect-derived energy trapping
sites. Consequently, the deposited metals even in very low
quantity could eﬀectively quench to the degree of almost
eliminated the ﬂuorescence emissions in carbon dots. The
observed dramatic quenching eﬀects must be due to the
disruption of electron−hole recombination processes (otherwise responsible for the emissions) by the photodeposited
metals on the carbon dot surface. The expected static nature of
the quenching was conﬁrmed experimentally by the observation
of the absolute decoupling between responses of ﬂuorescence
quantum yields and decays toward the presence of the
quenchers. The results add more and important support to
the current mechanistic framework for ﬂuorescence emissions
and their associated photoinduced charge separation and
recombination processes in carbon dots.
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Figure 8. Observed ﬂuorescence decays (log scale for the ﬂuorescence
intensities, excited at 407 nm, and monitored with 470 nm narrow
bandpass ﬁlter) of the carbon dots in aqueous solution without ()
and with ( ) the photodeposited platinum metal (upper) or gold
metal (lower). The same data are plotted on linear scale in the insets.

EXPERIMENTAL SECTION

Materials. Carbon nanopowder (>99%) was purchased from
Sigma-Aldrich, and gold chloride trihydrate (HAuCl4·3H2O) and
chloroplatinic acid hexahydrate (H2PtCl6·6H2O) from Alfa Aesar. The
oligomeric poly(ethylene glycol) diamine (PEG1500N) was supplied by
Anvia Chemicals, and thionyl chloride (SOCl2) by Alfa Aesar. Dialysis
membrane tubing was acquired from Spectrum Laboratories. Water
was deionized and puriﬁed by being passed through a Labconco
WaterPros water puriﬁcation system.
Measurements. Baxter Megafuge (model 2630) and BeckmanCoulter ultracentrifuge (Optima L-90K with a type 90 Ti ﬁxed-angle
rotor) were used in the synthesis of carbon dots. UV−vis absorption
spectra were recorded on a Shimadzu UV2501-PC spectrophotometer.
Fluorescence spectra were acquired on a Jobin-Yvon emission
spectrometer equipped with a 450 W xenon source, Gemini-180
excitation and Tirax-550 emission monochromators, and a photon
counting detector (Hamamatsu R928P PMT at 950 V). 9,10Bis(phenylethynyl)-anthracene in cyclohexane and quinine sulfate in
0.1 M H2SO4 were used as standards in the determination of
ﬂuorescence quantum yields by the relative method (matching the
absorbance at the excitation wavelength between the sample and
standard solutions and comparing their corresponding integrated total
ﬂuorescence intensities). Fluorescence decays were measured on a
time-correlated single photon counting (TCSPC) setup with a
Hamamatsu stabilized picosecond light pulser (PLP-02) for 407 nm
excitation (<100 ps pulses at 1 MHz repetition rate), coupled with a
Phillips XP2254/B PMT in a thermoelectrically cooled housing as
detector for an overall instrument time resolution better than 500 ps.
Transmission electron microscopy (TEM) analyses were performed
on Hitachi 9500 TEM and Hitachi HD-2000 S-TEM systems in both
transmission and Z-contrast modes. The energy dispersive X-ray
spectroscopy (EDX) analyses were also performed in the Z-contrast
mode. X-ray diﬀraction measurements were carried out on a Scintag
XDS-2000 powder diﬀraction system. The photolysis setup consisted
of a 450 W xenon arc source, coupled with a “hot” ﬁlter (405−720 nm
transmission) to eliminate any infrared heating eﬀect.
Carbon Dots. The PEG1500N-functionalized carbon dots were
synthesized according to previously reported procedures,19 with slight
modiﬁcations and more rigorous controls of the experimental
conditions for improved ﬂuorescence properties. Brieﬂy, a carbon
nanopowder sample (3 g) was reﬂuxed in an aqueous nitric acid
solution (2.6 M, 240 mL) for 24 h. The reaction mixture back at room
temperature was dialyzed against fresh water, and then centrifuged at

recombinations. The observed ﬂuorescence quenching results
at various wavelengths (Figures 3 and 4) suggested that the
emissions corresponding to excitation wavelengths around the
green were more vulnerable to the quenching, generally
consistent with the observed higher ﬂuorescence quantum
yields at those excitation wavelengths.19
For the comparison between platinum and gold, the
extremely eﬀective ﬂuorescence quenching upon photoirradiation of the carbon dots in the presence of H2PtCl6 for only a
few minutes might be due to contributions beyond the
photogenerated platinum metal deposited on the dot surface,
as the photoreduction might be insuﬃcient for any signiﬁcant
platinum deposition within such a short period of photoirradiation time (5 min or less). According to what has already
been reported in the literature, the photoreduction of
platinum(IV) to platinum(II) (PtCl62− → PtCl42−, for example)
is highly eﬃcient.34,35 The platinum(II) species as initial
photoreduction products accumulated on the surface of carbon
dots might have contributed to the observed unusually eﬃcient
ﬂuorescence quenching. Such an explanation was supported by
experimental results. The aqueous solution of carbon dots with
H2PtCl6 was ﬁrst photoirradiated for 5 min to have the
ﬂuorescence intensities quenched by almost 90%, as described
above (Figure 3). The solution was then sonicated mildly for
the purpose of dispersing the platinum(II) species accumulated
on the dot surface, which did result in a signiﬁcant rebound in
the observed ﬂuorescence intensities. The same argument for
the metal salt contributing to the obviously eﬃcient
ﬂuorescence quenching might go beyond just the contribution
of the platinum(II) species. It is also possible that the
photoirradiation and the associated photoinduced charge
separation processes in carbon dots made the dot surface
more susceptible to the accumulation of the metal salt species,
contributing to the subsequent ﬂuorescence quenching. The
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1 000 g to retain the supernatant. The recovered surface-oxidized small
carbon nanoparticles were reﬂuxed in neat thionyl chloride for 6 h,
followed by the removal of excess thionyl chloride under nitrogen. The
treated carbon particle sample (300 mg) was mixed well with carefully
dried PEG1500N (3 g) in a ﬂask, heated to 180 °C and stirred under
nitrogen for 76 h. The reaction mixture was cooled to room
temperature, dispersed in water, and then centrifuged at 25 000 g to
retain the dark supernatant as an aqueous solution of the as-prepared
carbon dots.
Photolysis and Fluorescence Quenching. An aqueous solution
of the PEG1500N-functionalized carbon dots (observed ﬂuorescence
quantum yield about 20% at 440 nm excitation) with targeted optical
density was prepared, and to the solution was added H2PtCl6 to the
desired ﬁnal molar concentration. The optically transparent mixture in
a cylindrical optical cell with ﬂat front and back windows was
photoirradiated in the photolysis setup through a 425 nm cutoﬀ ﬁlter
coupled with a hot ﬁlter (405−720 nm transmission) for a varying
period of time, followed immediately by absorption and ﬂuorescence
measurements of the solution for the monitoring of spectral changes
and the determination of ﬂuorescence intensity (quantum yield)
quenchings. The same photolysis procedure and conditions were
applied to an aqueous solution of the carbon dots with HAuCl4 of the
targeted concentration for a varying period of time, followed by the
same absorption and ﬂuorescence measurements of the solution for
the evaluation on the eﬀect of photolysis. Aqueous solutions of the
carbon dots without and with H2PtCl6 or HAuCl 4 but no
photoirradiation were used as controls or references.
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Abstract
Carbon-based “quantum” dots or carbon dots are surface-functionalized small carbon
nanoparticles. For bright fluorescence emissions, the carbon nanoparticles may be surface-doped with an inorganic salt and then the same organic functionalization. In this study,
carbon dots without and with the ZnS doping were prepared, followed by gel-column fractionation to harvest dots of 40% and 60% in fluorescence quantum yields, respectively. These
highly fluorescent carbon dots were evaluated for optical imaging in mice, from which bright
fluorescence images were obtained. Of particular interest was the observed competitive
performance of the carbon dots in vivo to that of the well-established CdSe/ZnS QDs. The
results suggest that carbon dots may be further developed into a new class of
high-performance yet nontoxic contrast agents for optical bioimaging.
Key words: Carbon dots, fluorescence, optical bioimaging, quantum dots.

1. Introduction
Small carbon nanoparticles have been shown as
versatile precursors for brightly fluorescent nano-dots
[1-15], with the observed optical properties in solution
phenomenologically similar to and performance-wise
comparable with those of the well-established semiconductor quantum dots (QDs) [9, 16-19]. Structurally,
the fluorescent carbon-based “quantum” dots (or often referred to as carbon dots) are small carbon nanoparticles with relatively simple particle surface
functionalization [1,2,7,10,11]. Carbon dots with oligomeric polyethylene glycol diamine (PEG1500N,
Scheme 1/Figure S1) [20] as the surface functionalization agent were shown to be nontoxic [21], amenable
to fluorescence bioimaging applications in vitro and in
vivo [10,11,22,23]. More recently, highly fluorescent
carbon dots with emission quantum yields more than
50% were obtained by surface-doping the core carbon
nanoparticles with an inorganic salt such as ZnS
(Scheme 1/Figure S1) or TiO2 [20,24], and/or by ap-

plying a gel-column fractionation scheme to the
as-synthesized carbon dots samples [9,20]. The
brighter dots thus harvested promise more and better
opportunities for fluorescence bioimaging, especially
for uses in vivo to improve the contrast against tissue
background. Here we report an experimental validation on the use of these highly fluorescent carbon dots
for imaging in mice, with especially a demonstration
on the competitive performance of these dots to that
of the well-established semiconductor QDs under
purposely matching experimental conditions.

2. Experimental Section
2.1. Materials
Carbon nano-powders, O,O’-bis(3-aminopropyl)
polyethylene glycol (MW ~ 1,500, PEG1500N) and thionyl chloride (>99%) were purchased from Aldrich,
zinc acetate dihydrate (Zn(OOCCH3)2•2H2O, >98%)
and sodium sulfide (Na2S•9H2O, >98%) from Alfa,
http://www.thno.org
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and nitric acid, N,N-dimethylformamide (DMF, 99%),
and sodium dodecyl sulfate (SDS, 99%) from VWR.
The aqueous CdSe/ZnS quantum dots solution
(Qdot® 525 ITK™ amino (PEG) QDs) was acquired
from Invitrogen. Millipore Durapore membrane filters (pore size 0.22 μm) and dialysis membrane tubing
were supplied by Spectrum Laboratories. Water was
deionized and purified by being passed through a
Labconco WaterPros water purification system.
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(DM IRE2, with Leica TCS SP2 SE scanning system)
equipped with an argon ion laser (JDS Uniphase). The
fluorescence imaging in mice was performed on a
MAG Biosystems Lumazone FA in vivo Imaging
System equipped with an Asahi Max-301 xenon arc
source for excitation through a liquid light guide and
a Princeton Instruments PIXIS:1024B digital CCD
camera system as detector. Band-pass and cut-off filters were used for the selection of excitation and
emission wavelengths.

2.3. Carbon Dots

Figure S1. (Scheme 1) Cartoon illustrations of non-doped (left)
and doped (right) carbon dots [20].

2.2. Measurement
Baxter Megafuge (model 2630) and Beckman-Coulter ultracentrifuge (Optima L90K with a
type 90 Ti fixed-angle rotor) were used. UV/vis absorption spectra were recorded on a Shimadzu
UV2101-PC spectrophotometer. Fluorescence spectra
were measured on a Jobin-Yvon emission spectrometer equipped with a 450 W xenon source, Gemini-180
excitation and Tirax-550 emission monochromators,
and a photon counting detector (Hamamatsu R928P
PMT
at
950
V).
Quinine
sulfate
and
9,10-bis(phenylethynyl)-anthracene were used as
standards in the determination of fluorescence quantum yields by the relative method (matching the absorbance at the excitation wavelength between the
sample and standard solutions and comparing their
corresponding integrated total fluorescence intensities). Atomic force microscopy (AFM) images were
acquired in the acoustic AC mode on a Molecular
Imaging PicoPlus AFM system equipped with a multipurpose scanner and a NanoWorld point probe
NCH sensor. Transmission electron microscopy
(TEM) characterization was carried out on Hitachi
9500 TEM and Hitachi HD-2000 S-TEM systems.
Confocal fluorescence images were obtained on a
Leica laser scanning confocal fluorescence microscope

A carbon nano-powder sample (2 g) was refluxed in an aqueous nitric acid solution (2.6 M, 200
mL) for 12 h. The mixture back at room temperature
was dialyzed against fresh water, followed by centrifuging at 1,000g to retain the supernatant. The surface-oxidized small carbon nanoparticles recovered
from the supernatant (100 mg) were refluxed in neat
thionyl chloride for 6 h. Upon the removal of excess
thionyl chloride on a rotary evaporator with a vacuum pump, the sample was mixed well with PEG1500N
(1 g) in a flask. The mixture was heated to 110 °C, and
vigorously stirred at that temperature under nitrogen
protection for 3 days. The sample back at room temperature was dispersed in water, followed by centrifuging at 25,000g to retain the supernatant as an
aqueous solution of the as-prepared carbon dots. The
sample solution was concentrated and then loaded
onto a Sephadex G-100TM gel-column packed in house
for fractionation [9]. Fluorescence quantum yields of
the fractions were determined, and those more fluorescent were combined into a single aqueous solution
of carbon dots (40% in fluorescence quantum yield)
for further characterization and bioimaging.
For the surface-doping with ZnS, the surface-oxidized carbon nanoparticles (600 mg) were
dispersed in DMF (200 mL) via sonication for 30 min,
and to the suspension was first added
Zn(OOCCH3)2•2H2O (680 mg, 3.1 mmol) under vigorous stirring and then slow dropwise addition of an
aqueous Na2S solution (0.62 M, 5 mL) at room temperature. The mixture was centrifuged at 3,000g, and
the precipitate was retained and repeatedly washed
with distilled water to obtain the ZnS-doped carbon
nanoparticles (881 mg).
The ZnS-doped carbon nanoparticles (200 mg)
were dispersed in an aqueous SDS solution (1 wt%,
120 mL) via sonication for 30 min. Upon filtration, the
filter cake was washed repeatedly with water and
then dried. The solid sample was mixed thoroughly
with PEG1500N (1.9 g), and the mixture was heated to
110 °C and stirred at that temperature for 72 h under
nitrogen protection. The reaction mixture back at

http://www.thno.org
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room temperature was dispersed in water, followed
by centrifuging at 25,000g to retain the supernatant as
an aqueous solution of as-prepared CZnS-Dots. The
sample solution was similarly concentrated and then
fractionated on the same Sephadex G-100TM
gel-column [20]. Fluorescence quantum yields of the
fractions were determined, and those more fluorescent were combined into a single aqueous solution of
CZnS-Dots (60% in fluorescence quantum yield) for
further characterization and bioimaging.
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The sample solution was diluted for the preparation of specimens for characterization by microscopy techniques. Both AFM and TEM results showed
dot-like images (figure 2), agreeing well with those for
carbon dots reported previously [9].

2.4. Imaging in Mice
All of the animal experiments were performed at
Clemson University by strictly following the IACUC
(Institutional Animal Care and Use Committee) approved protocols. Female DBA/1 mice (~25 g, acquired from Harlan) were housed in plastic cages
(three mice/cage) at the Godley-Snell Research Center
at Clemson University and kept on a 12 h light/dark
cycle, with food and water provided ad libitum. Following the acclimation of one week, the mice were
randomly divided into groups of 3 mice per group for
imaging evaluations. Throughout the imaging experiments the mice were kept under anaesthesia (3%
isoflurane flow). Two injection modes (subcutaneous
and front extremity) were used for the in vivo imaging.
Before subcutaneous injection, the back area surrounding the injection point on the mouse was shaved
to minimize autofluorescence. The control group in
both injection modes was injected with equivalent
volume of phosphate buffered saline (PBS). For the
front extremity injection, the mice 24 h post-injection
were sacrificed by CO2 treatment under anaesthesia.
The axillary lymph nodes were dissected for fluorescence imaging. All images were processed and analyzed by using the NIH-commissioned and supplied
ImageJ
software
(http://rsbweb.nih.
gov/ij/).

3. Results and Discussion
Small carbon nanoparticles (mostly less than 10
nm in diameter) were harvested from the commercially supplied carbon nano-powders (Aldrich) by
first the aqueous nitric acid treatment and then a
combination of dialysis to remove impurities and
vigorous centrifuging to retain the supernatant. These
nanoparticles were functionalized with PEG1500N in
classical amidation reaction to yield PEGylated carbon dots (Scheme 1/Figure S1). The as-prepared
sample was fractionated on a gel-column (SephadexTM
G-100) to harvest the more fluorescent portion of the
sample [9], with the corresponding fluorescence
quantum yield in the green of 40% (440 nm excitation,
figure 1).

Figure 1. Absorption (ABS) and fluorescence (FLSC, 440 nm
excitation) spectra of the carbon dots without (upper) and with
the ZnS doping (lower) in aqueous solutions, with fluorescence
quantum yields of 40% and 60%, respectively. In the insets are
photos of the corresponding solutions (excitation at 440 nm and
emissions monitored through a 530 nm cut-off filter).

http://www.thno.org

Theranostics 2012, 2(3)

Figure 2. TEM (left) and AFM (right) images of the carbon dots
(without ZnS doping) used in the optical imaging experiments.

The carbon nanoparticles could be suspended in
aqueous solution in a relatively stable fashion, thus
serving as nucleation centers in the titration of zinc
acetate with sodium sulfide for the formation of ZnS
to yield ZnS-doped carbon nanoparticles [24]. The
surface-doping level likely varied from particle to
particle, so that a surfactant (sodium dodecyl sulfate
or SDS)-assisted dispersion procedure in favor of the
carbon nanoparticles with more ZnS doping was used
to exclude those with no or a negligible level of doping. Subsequently, those nanoparticles with the surface completely covered by ZnS (thus no accessible
carboxylic acid moieties on the particle surface for
reactions with amino molecules) were discriminated
in the functionalization chemistry with PEG1500N [20].
The functionalization reaction conditions were similar
to those used for carbon dots without the surface
doping, resulting in ZnS-doped carbon dots (denoted
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as CZnS-Dots). According to thermogravimetric analysis (TGA), the estimated core composition in terms of
C:ZnS molar ratio in the CZnS-Dots was about 20:1.
The as-prepared sample was similarly fractionated on
the gel-column to harvest more fluorescent CZnS-Dots
[20], with the observed fluorescence quantum yield in
the green of 60% (440 nm excitation, figure 1). These
dots were diluted for the preparation of specimens for
characterization by AFM and TEM, and the representative results are shown in figure 3. The vigorously
diluted solution was also used to disperse the dots on
cover-glass surface for confocal fluorescence imaging
under the same specimen and measurement conditions as those for commercially supplied CdSe/ZnS
QDs (Invitrogen Qdot 525 ITKTM amino (PEG) QDs,
fluorescence quantum yield ~60% verified). As shown
in figure 4, the well-dispersed CZnS-Dots and the
CdSe/ZnS QDs are quite similar in fluorescence
brightness at essentially the individual dot level.

Figure 3. Representative TEM (left) and AFM (right) images of the
ZnS-doped carbon dots (CZnS-Dots) used in the optical imaging
experiments.

Figure 4. Confocal fluorescence images (458 nm excitation, 10 μm for the scale bars) of the CZnS-Dots (left) and the commercially
supplied CdSe/ZnS QDs (right). In the inset is a comparison on the average image intensity (IAV) for 60 dots between the two specimens.
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The highly fluorescent carbon dots without and
with the ZnS doping (quantum yields 40% and 60%,
respectively) were evaluated in terms of fluorescence
imaging in mice [23]. The animal experiments were
performed by strictly following the IACUC (Institutional Animal Care and Use Committee) approved
protocols. Female DBA/1 mice (~25 g) were housed in
plastic cages (three mice/cage) at the Godley-Snell
Research Center for animal research at Clemson University on a 12 h light/dark cycle and provided with
food and water ad libitum. Following the acclimation
of one week, the mice were randomly divided into
groups of three mice per group. For the injection and
subsequent imaging, the mice were kept under anesthesia with 3% isoflurane flow.
Before the subcutaneous injection, the back area
surrounding the injection point on the mouse was
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shaved to avoid autofluorescence. The injection volume was kept at 20 µL, with the solution concentration adjusted to match the targeted optical density at
the excitation wavelength. As shown in figure 5, fluorescence emissions from the subcutaneously injected
dots could readily be detected in a Lumazone FA in
vivo imaging system (MAG Biosystems), with a relatively shorter fluorescence collection time and improved imaging contrast in comparison with those in
the use of as-prepared less fluorescent carbon dots
[23]. The image brightness was obviously higher for
the CZnS-Dots sample, consistent with the corresponding higher fluorescence quantum yield in solution. In mice the subcutaneously injected carbon dots
diffused relatively slowly, with the gradual fading of
fluorescence signals in about 24 h post-injection.

Figure 5. Top: Subcutaneously injected carbon dots (upper spot) and CZnS-Dots (lower spot) of similar optical densities in mice (470 nm
and 525 nm band-pass filters for excitation and emission, respectively). Bottom: Subcutaneously injected CZnS-Dots (upper spot) and
Invitrogen Qdot 525 ITKTM amino (PEG) QDs (lower spot) of similar optical densities in mice (434 nm band-pass filter for excitation and
474 nm cut-off filter for emission collection). The color-coded images (right) were processed with ImageJ from NIH.
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In a comparison of fluorescence imaging performance with commercially supplied CdSe/ZnS
QDs (Invitrogen Qdot 525 ITKTM amino (PEG) QDs),
the concentration of the subcutaneously injected QDs
was adjusted such that the optical density was approximately the same as that of the carbon dots in
vivo. The resulting fluorescence images for CZnS-Dots
and the CdSe/ZnS QDs in mice were of similar
brightness (figure 5), consistent with their similar
fluorescence quantum yields in solution and comparable fluorescence imaging results at the individual
dot level (figure 4).
For potential uses of carbon dots for fluorescence
imaging in vivo, a relatively straightforward demonstration is on tracking the migration of the dots
through lymph vessels in mice following the paw
injection [23,25,26]. For the highly fluorescent carbon
dots without and with ZnS doping (quantum yields
40% and 60%, respectively), they could both migrate
along the arm upon their intradermal injection into
the front extremity (figure 6). However, the migration
of the CZnS-Dots was apparently less pronounced,
with the relative brightness in the fluorescence images
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(figure 6) of the migrated dots suggesting less
CZnS-Dots (more fluorescent) migrated. The axillary
lymph nodes were harvested and dissected at 24 h
post-injection, where strong fluorescence emissions
from the carbon dots were observed (figure 6), further
confirming the migration of the dots and the preservation of their fluorescence properties in vivo.
The improved optical imaging performance of
these more fluorescent carbon dots in mice further
confirms that the excellent fluorescence properties of
carbon dots observed in solutions and on surface at
the individual dot level are preserved in vivo, suggesting significant application potentials of carbon
dots. Particularly encouraging is the fact that the in
vivo performance of the carbon dots is competitive to
that of the well-established CdSe/ZnS QDs, beyond
the obvious advantage of carbon dots being nontoxic
according to available experimental evaluations
[10,11,21,27-29]. The results from this study justify the
further development of carbon dots into a new class of
high-performance yet benign contrast agents for optical bioimaging.

Figure 6. Intradermally injected carbon dots (upper) and CZnS-Dots (lower) of similar optical densities in mice, with images of dissected
lymph nodes in the insets (470 nm and 525 nm band-pass filters for excitation and emission, respectively). The color-coded images (right)
were processed with ImageJ from NIH.
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